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Variable-Mirror Amplifier:
A New Family of Process-Independent Class-AB
Single-Stage OTAs for Low-Power SC Circuits
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Abstract—This paper presents a new family of Class-AB
operational transconductance amplifier (OTA) circuits based
on single-stage topologies with non-linear current amplifiers.
The proposed variable-mirror amplifier (VMA) architecture is
mainly characterized by generating all Class-AB current in the
output transistors only, by exhibiting very low sensitivity to both
technology and temperature deviations, and by avoiding the need
for any internal frequency-compensation mechanism. Hence, this
family of OTAs is well-suited for low-power switched-capacitor
circuits and specifically optimized for switched-OpAmp fast on-
off operation and multi-decade load-capacitance specifications.
Analytical expressions valid in all regions of operation are
presented to minimize VMA settling time in discrete-time circuits.
Also, a complete OTA design example integrated in 0.18µm 1P6M
MiM 1.8V CMOS technology is supplied with detailed simulation
and experimental results. Compared to resistor-free state-of-art
Class-AB OpAmp and OTA literature, the proposed architecture
returns the highest measured figure-of-merit value.

Index Terms—Analog, CMOS, operational amplifiers, OpAmp,
OTA, Class-AB, low-power, switched-capacitor, slew-rate.

I. INTRODUCTION

THE market demand of true ubiquitous and autonomous
smart sensors is boosting the research of low-power

switched-capacitor (SC) design techniques for their analog
front-end circuits, like charge amplifiers, tunable filters and
data converters. In this context, both operational voltage am-
plifiers (OpAmps) and operational transconductance amplifiers
(OTAs) are clearly key contributors in terms of power con-
sumption of the resulting SC circuit.

In general, low-power SC design techniques can be classi-
fied into two different strategies: low-voltage and low-current
circuits. In the first approach, power savings are obtained
by scaling down the nominal supply voltage of the overall
circuit. The consequent reduction of available voltage room
between power rails is then compensated by specific circuit
techniques, which try to optimize internal signal headroom
allocation against device non-linearities. Examples of low-
voltage SC design strategies are: rail-to-rail operation [1],
bulk-driven inputs [2], [3], internal supply multipliers to drive
critical switches [4], [5], inverter-based amplifiers [6], [7], and
switched-OpAmps (SOAs) for replacing critical switches [8].
In practice, low-voltage SC techniques usually can only
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achieve moderate power-saving ratios, in the order of a single
octave, due to technology limitations (e.g. MOSFET threshold
voltage) or even to the increase of current consumption caused
by the extra biasing circuits. Hence, the above circuit tech-
niques are usually reserved for specific constraints of supply-
voltage downscaling (e.g. single-cell batteries).

When stronger power reduction is needed, low-current SC
circuit techniques are mandatory. In this sense, the low-current
OpAmp and OTA designs reported in literature exploit Class-
AB operation by means of several circuit techniques. Tele-
scopic pairs or flipped voltage followers [9]–[12] overcome
the current limitation of classic differential pairs by changing
tail current on demand at the cost of requiring more pair struc-
tures. Hybrid Class-A/AB operation [13] can be obtained by
combining folded cascode circuits as the first stage and active
current mirrors as the second one at the expense of increasing
the number of current branches. Other solutions come from
cascading inverters with self-biasing capabilities [6] to control
its quiescent consumption, but with intrinsic limitations in
terms of PSRR due to their pseudo-differential architectures.
Adaptive biasing of classic fully differential topologies can
be achieved in general by the use of dedicated slew-rate
monitoring circuits [14], which dynamically control the bias
current of the main amplifier, with the corresponding area and
power overheads associated with these auxiliary blocks.

In the particular case of push-pull output stages, the intro-
duction of RC bias tees [15] helps to set the quiescent bias
point while maintaining its Class-AB capabilities, although
some penalties may need to be paid in terms of area or noise
to ensure that the low cut-off frequency does not affect the
signal bandwidth. Dual input stages with dedicated CMFB [16]
or floating voltage sources [17] are also employed to control
the NMOS and PMOS biasing of these push-pull stages, not
without the corresponding drawbacks in terms of power and
area. Even the use of multiple-input floating-gate transistors
have been proposed for this purpose [18].

Other interesting strategies to trigger Class-AB operation
relay on negative resistance loads [19], typically implemented
through cross-coupled transistor pairs. Special care must be
paid then to tune the amount of partial positive feedback in
order to avoid latching issues. Finally, there are some Class-
AB techniques focused on introducing additional signal paths
for a more effective reuse of current modulation, like in the
case of recycling topologies [20], [21] and multi-paths with
current starving [22], but also incrementing at the same time
the number of internal current branches of the amplifier circuit.

(c) 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other users,  including reprinting/ republishing this  material for advertising or promotional
purposes, creating new collective works for resale or redistribution to servers or lists,  or reuse of any copyrighted  components of this work in other works. http://dx.doi.org/10.1109/TCSI.2016.2577838



2

Unfortunately, some of the above circuit techniques rely on
multi-stage architectures [6], [13]–[18], with the consequent
extra power and area penalties imposed by their closed-loop
frequency compensation. Regarding those strategies based on
single-stage amplifiers [9]–[12], [19]–[22], they expend the
effective Class-AB peak currents not only at output transis-
tors but also at internal circuit branches due to intermediate
current-mirroring stages, causing an important reduction of
their dynamic-power efficiency. Furthermore, in most of the
above low-current OpAmp and OTA design techniques, Class-
AB performance tends to suffer from technology or tempera-
ture sensitivity.

This work introduces a new family of Class-AB OTA
circuits called variable-mirror amplifiers (VMAs), which are
based on single-stage topologies with non-linear current mir-
rors. The initial idea was first presented by these authors
in [23], but this paper further improves the concept by adding:
extension to weak inversion operation, a new auxiliary bias-
ing circuit for a better control of peak currents, analytical
expressions of the maximum slew rate, a complete set of
parametrized curves to show the design flexibility of the VMA
topology and a settling time analysis to optimize its power
consumption when used in SC circuits. Thanks to the proposed
VMA architecture, Class-AB dynamic peak currents are fully
invested in the output transistors only. Apart from the inherent
power savings, this single-stage design approach avoids the
current and area overheads associated with frequency com-
pensation mechanisms, while it features multi-decade load-
capacitance capability and compatibility with SOA fast on-
off operation in SC circuits. Last but not least, the proposed
VMA family exhibits very low technology and temperature
sensitivity, which is of special interest when targeting deep-
submicron CMOS technologies, and its Class-AB principle can
be extended to a wide range of device operating conditions.

The presented paper is organized as follows: Section II in-
troduces the general architecture of the VMA and its principle
of operation. Then, two process-independent CMOS circuit
implementations are proposed in Section III for the Class-
AB parts of the VMA. Section IV presents a settling-time
analysis to help with the design optimization of this amplifier
family. Based on the proposed circuits, a practical VMA
design example is given in Section V, while its experimental
results together with a comparative analysis with state-of-art
Class-AB OpAmps and OTAs are reported in Section VI.
Finally, conclusions are summarized in Section VII.

II. VARIABLE-MIRROR AMPLIFIER ARCHITECTURE

The main idea behind the proposed VMA topology is
illustrated in Figure 1. In what follows, all MOSFET bulk
terminals are connected to their respective supply rail. Starting
with a classic fully-differential current-mirror OTA architec-
ture, two complementary differential pairs are introduced here
as input transconductors in order to split input signal into
two paths for the separate Class-AB control of NMOS and
PMOS output transistors. Please note dual input stages have
no significant impact on the input swing when used in fully
differential SC circuits since OTA input common-mode level

Figure 1. General architecture of the proposed VMA.

is already kept at a constant value (typ. half of the supply
voltage) by the common-mode feedback (CMFB) control. The
core of the novel OTA architecture are the dynamic current
mirrors enclosed in the dashed boxes of the same figure. They
can be understood as fully-differential voltage-controlled (Vcp
and Vcn for the NMOS path) non-linear current amplifiers
(IoNp/IiNp and IoNn/IiNn for the NMOS path), whose gain
is dynamically and symmetrically changed by cross-coupled
partial positive local feedback. Finally, the output CMFB
control required for this fully differential OTA is introduced
through the tail bias current of NMOS input transconductor
(Icmfb).

Two important advantages can be already noted in the VMA
architecture of Figure 1. First, there is no need for Miller
compensation capacitors as in the classic Class-A current-
mirror OTA, thus silicon area and bandwidth performance are
both improved at the same time as SOA speed capabilities.
Second, only output transistors are actually draining Class-AB
high-peak currents, since the rest of OTA devices are in fact
operated in Class A, with the consequent benefits in terms of
dynamic-to-static power consumption ratios. From the large-
signal Class-AB viewpoint, the wanted functionality for the
variable-gain current mirrors boxed in Figure 1 is (NMOS
positive-path case):


Ioutp > 0 Vcp > Vxp IoNp � IiNp Class-AB

Ioutp ≡ 0 Vcp ≡ Vxp IoNp ≡ IiNp ≡ Itail

2 Bias point

Ioutp < 0 Vcp < Vxp IoNp � IiNp Class-AB
(1)

In other words, the voltage-controlled gain must supply
both the required current boosting or attenuation in Class-AB
operation together with the control of the biasing point under
no output driving requirements, as illustrated in Figure 2.
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Figure 2. Qualitative large-signal Class-AB DC operation for the variable-
mirror blocks boxed in Figure 1. Drawing not in scale.

Supposing saturation operation for the A-sized transistors of
Figure 1 and linear mode for their B-sized counterparts, the
EKV MOSFET model [24] returns the following non-linear
current mirror transfer function (NMOS-path case):

IoNp,n =



B

A+B
e

Vcp,n
Ut IiNp,n

weak
inv.

B

A+B

(√
A
nβ

2
Vcp,n +

√
IiNp,n

)2

strong
inv.

(2)
where Ut, n and β stand for the thermal potential, sub-

threshold slope and current factor, respectively. As expected,
Vcp,n can be effectively used to supply the requested large-
signal Class-AB current amplification, and attenuation at some
extent, as well as the setting of output bias points. In this
sense, the circuit implementations presented in next section for
the control of Vcp,n can be classified as source-degeneration
techniques [25], [26], but with the novelty of being dynamic
and specifically designed to cancel the process and temperature
dependencies still present in (2).

When Class-AB operation is not activated, the small-signal
behavior at the symmetrical bias point of the architecture
proposed in Figure 1 mimics those from the classic current-
mirror OTAs. In particular, VMA input stage follows the same
equivalent input noise and gain non-linearity design equations
as the Class-A amplifier counterpart.

III. PROCESS-INDEPENDENT CLASS-AB CIRCUITS

A. Type-I

The first Class-AB circuit proposal for the VMA architec-
ture of Figure 1 is presented in Figure 3(a). As it can be seen,
a B-sized cross-coupled matched pair is introduced here to
supply the local positive feedback responsible for emphasizing
the Class-AB behavior. However, in order to prevent from
an excess of positive feedback gain which would otherwise
latch the entire OTA circuit, an additional C-sized crossed
transistor is also incorporated in Figure 3(a) providing some

(a)

(d)

(b) (c)

Figure 3. Type-I Class-AB current amplifier (a) proposed for the boxed
sections of Figure 1 (NMOS path), equivalent right-half circuits for Class-A
operating point IiNp ≡ IiNn ≡ Itail

2
(b) and maximum Class-AB positive

output IiNp ' Itail IiNn ' 0 (c), and Class-AB smoothing mechanism (d).
Dotted lines indicate virtual short circuits.

amount of local negative feedback. In practice, the optimum
balance between positive and negative feedback can be simply
achieved by the design of the device matching ratios B and
C. Finally, the required gate voltage of the C-sized transistor
(Vbias) is directly obtained from the matched composite active
load biased at Itail.

Supposing weak-inversion operation for all devices, the
EKV-based analysis of Figure 3(a) returns:

D
.
=

AB

A+B
E

.
=

ABC

A+B + C
(3)
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D IoNn

(
1− D

A
IiNp

IoNp

)
+ CD

AE Itail

(
IiNp

IoNp
− IiNn

IoNn

)

IiNn =B
D IoNp
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)
(4)

while for strong-inversion operation, the following expres-
sions can be found:



4

0

1

2

3

4

5
(a)

0

(b)

0

Figure 4. Simulated DC transfer functions for the type-I Class-AB current
amplifier of Figure 3(a) under weak (a) and strong (b) inversion operation.
Curves are parameterized for C = {1, 2, 4, 8, 16, 32} and A ≡ B = 8 (i.e.
D = 4).
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Although (4) and (5) are non explicit equations, the absence
of any process parameter demonstrates that Class-AB current
transfer functions between IiNp,n and IoNp,n are virtually
independent from technology and temperature in both regions
of operation under ideal matching conditions. Furthermore,
if type-I circuits are used in the VMA architecture of Fig-
ure 1, the bias current at the output branches of the OTA is
automatically set to Itail/2. The variable-mirror nature of the
Class-AB proposed stage can be seen in the equivalent right-
half circuits of Figure 3(b,c), where the non-linear current
amplifier behaves in practice as a current mirror with variable
geometrical ratios.

Figure 4 illustrates the flexibility of the proposed type-I
current mirror when designing a particular Class-AB modu-
lation index for the overall VMA. In practice, a wide range
of OTA responses can be chosen, from strong Class-AB to
almost Class-A, by changing the relative weights between A,
B and C parameters. Moreover, this variety of responses is
also extended to all regions of transistor operation, from weak
to strong inversion. In general, the maximum Class-AB output
current capability of the type-I VMA can be approximated by:

Imax '
(

1 +
D

C

)
Itail (6)

The above expression is actually the unified design equation

(a)

(b) (c)

Figure 5. Type-II Class-AB current amplifier (a) proposed for the boxed
sections of Figure 1 (NMOS path), and equivalent right-half circuits for
Class-A operating point IiNp ≡ IiNn ≡ Itail

2
(b) and maximum Class-

AB positive output IiNp ' Itail IiNn ' 0 (c). Dotted line indicates virtual
short circuit.

for the practical optimization of the OTA slew-rate in all
regions of operation, and it is in agreement with the maximum
output current values reached in Figure 4. However, if high
D/C ratios are selected, deviations caused by technological
mismatching can turn into amplifier instability due to excessive
positive local feedback, or even the latch of the entire VMA
if enough differential input amplitude is applied. In order to
prevent this unwanted behavior when working with high Class-
AB modulation indexes, the built-in smoother of Figure 3(d)
is proposed. This mechanism injects a low-level common-
mode input (Imin) into the type-I Class-AB current amplifier.
Thanks to this minimum biasing level (IiNp,n≥Imin), cut-off
state is avoided in both sides of the differential structure and
VMA transient operation can be smoothed for extreme slew-
rate design cases.

B. Type-II

The second Class-AB circuit proposal for the boxed parts
of Figure 1 is presented in Figure 5(a). Basically, it replaces
the C-sized crossed transistor of Figure 3(a), which is in
charge of generating the negative feedback contribution, by
two split counterparts. Intuitively, type-I and type-II topologies
can be understood as the serial (B + C) and parallel (B||C)
circuit implementation of Vcp,n, respectively. The aim of the
type-II proposal is to bypass the circuit overhead caused by
the Vbias reference generator of Figure 3(a), and to avoid
the possibility of VMA latching under extreme Class-AB
modulation indexes.

Supposing weak-inversion operation for all devices, the
EKV-based analysis of Figure 5 returns:

D
.
=

A(B + C)

A+B + C
(7)
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Figure 6. Simulated DC transfer functions for the type-II Class-AB current
amplifier of Figure 5(a) under weak (a) and strong (b) inversion operation.
Curves are parameterized for B/C = {1/7, 2/6, 3/4, 4/4, 5/3, 6/2, 7/1}
and A = 8.
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while the following expression can be obtained in case of
strong-inversion operation:

IiNp =
[
2

(
B

√
IoNn

D +C

√
IoNp

D

)
−(B+C)

(√
IoNp

D −
√

IiNp
A

)](√
IoNp

D −
√

IiNp
A

)
IiNn =

[
2

(
B

√
IoNp

D +C

√
IoNn

D

)
−(B+C)

(√
IoNn

D −
√

IiNn
A

)](√
IoNn

D −
√

IiNn
A

)
(9)

Analytical expressions (8) and (9) are again non explicit, but
they still show no technological parameters nor temperature
dependencies. Like in the type-I circuit proposal, the current
bias point at the output branches of Figure 1 is automatically
fixed to Itail/2 by simple device matching. The variable-
mirror nature of this Class-AB stage can be also seen in
the equivalent right-half circuits of Figure 5(b,c), where the
non-linear current amplifier behaves as a current mirror with
variable geometrical ratios.

Similarly to Section III-A, Figure 6 demonstrates the pos-
sibility of choosing a wide range of Class-AB modulation
indexes in all regiosn of operation by the proper selection
of A, B and C values. In the particular case of type-II, the
maximum output current of the VMA under Class-AB regime
can be approximated as:

Imax '
1 + A

C

1 + A
B+C

Itail (10)

Again, the above unified expression for both weak and
strong inversion operation is in agreement with the maximum
current levels returned by Figure 6.

Comparatively speaking, the type-II VMA proposal not
only avoids the extra biasing and anti-latching circuits of
the type-I counterpart, but it also exhibits a higher current
capability in the intermediate slewing, as concluded when
comparing Figures 4 and 6. On the other hand, the type-I
VMA topology opens the possibility of on-the-fly tuning of
Class-AB modulation indexes through the dynamic control of
Vbias level.

IV. SETTLING TIME ANALYSIS

As already introduced in Section I, the proposed VMA
family is well suited for their use in low-power SC circuits.
In this context, there is a typical design trade-off between the
supply power consumption and the maximum sampling rate
for a given dynamic range specification. OTA slew-rate plays
a critical role in this design trade-off, thus both (6) and (10)
are key equations when optimizing VMAs for low-power SC
circuits. In this sense, they can be unified under the Class-AB
peak modulation index:

kAB
.
=
Imax

Itail
=


1 +

1

C

AB

A+B
type I

1 +
1

C

AB

A+B + C
type II

(11)

However, the maximum sampling rate is not only limited
by slew-rate performance but also by amplifier settling time.
Consider the full-scale case scenario illustrated in Figure 7,
where the VMA is operated in a typical SC integrator. The
displayed waveforms correspond to the the second half of the
sampling period (TS), when the charge stored in the sampling
capacitor need to be transfered to the feedback counterpart
for its integration. The VMA used as a charge pump for this
purpose will show two qualitatively different transient parts:
the slewing time (tslew), or Class-AB large-signal operation
dominated by the VMA slew-rate performance (SR), and the
settling time (tsett), when the VMA progressively tends to its
Class-A bias point driven by the small-signal time constant
(τ ) of the single-stage topology.

Applying the first-derivative continuity condition at the
boundary between the slewing and settling times of Figure 7,
the overall sampling period is found to be:

TS
2

=
VFS

SR
− τ︸ ︷︷ ︸

tslew

+ τ ln
τSR

εVFS︸ ︷︷ ︸
tsett

(12)

where VFS and ε stand for the differential full-scale voltage
and the residual error referred to the former. Interestingly,
static power consumption in Figure 7(b) is minimized for:

tslew ≡ 0 SR ≡ VFS

τ

TS
2
≡ tsett = τ ln

1

ε
(13)

While this design strategy effectively allows the maximum
time constant, so the lowest power consumption at the Class-
A bias point of the VMA, it also imposes the maximum peak
modulation index during its Class-AB operation according to:
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Figure 7. Qualitative transient response of the VMA differential output
voltage (a) and supply current (b) during the integrating phase of a SC
integrator for positive full-scale input. Drawing not in scale.

SR =
Imax

Cload
=
kABItail
Cload

(14)

In our context, Cload is the equivalent load capacitance
derived from the combined output and feedback capacitor
networks of the corresponding SC integrator. Concerning the
Class-A time constant, its expression can be directly obtained
from the gain-bandwidth product (GBW ) of the VMA single-
stage topology. In the most optimistic case of weak inversion
operation for the input transconductance (Gm) of Figure 1:

1

τ
= 2πGBW =

Gm

Cload
=

Itail/2

nUtCload
(15)

Hence, by substituting (14) and (15) in (13), the maximum
VMA Class-AB modulation index required to minimize static
power consumption is:

kABmax =
VFS

2nUt
(16)

In practice, optimum kAB values are usually found well
below this upper limit due to the effect of: moderate or strong
inversion operation of the VMA input transconductors, which
return larger time constant values for the same tail-current bias
level; step amplitudes lower than the worst-case condition of
±VFS in Figure 7(a); and the parasitic pole at the gate of the
A-sized transistors of Figure 1, which may introduce ringing
during settling time.

This latter effect can be studied through the equivalent sin-
gle-ended input resistance (1/gpar) of the Class-AB current
amplifiers of Figure 3(a) and 5(a). The EKV MOSFET small-
signal model returns the following gpar expressions normal-
ized to the transconductance of an A-sized active load (gmgA):

gpar
gmgA

=


−ngmgB + gmdB + 2gmdC

ngmgA + gmdB + 2gmdC
type I

n(−gmgB + gmgC) + gmdB + gmdC

ngmgA + gmdB + 2gmdC
type II

(17)
As expected, the negative terms shown above come from the

local positive feedback supplied by the cross-coupled B-sized
MOS pairs, which is compensated by the C-sized transistors.
In general, the resistance of this parasitic pole is very low
compared to the dominant pole located at the VMA output,
specially if cascode transistors are introduced to improve open-
loop voltage gain, like in the design example of Section V.
However, if large enough Class-AB modulation indexes are
selected, gpar can become virtually null in (17) and move
the parasitic pole to low frequency, with the corresponding
VMA stability issues in closed-loop operation. Hence, special
attention must be paid to not increase the capacitance of this
parasitic pole when sizing A, B and C transistors. In this
sense, it is a good practice to choose minimum channel length
for these devices. Also, by inspecting (11), the total gate area
of the parasitic node can be minimized with the following
unified rule of thumb:

type I A ≡ B

type II A ≡ B + C

 kABopt ≡ 1 +
B/C

2
(18)

V. PRACTICAL DESIGN IN 0.18µM CMOS TECHNOLOGY

This section presents a practical example of type-II VMA
design in 0.18µm 1.8V CMOS technology for its use in the
first SC stage of a high-resolution ∆Σ ADC. In this particular
case study, the main circuit specifications are sampling, feed-
back and output capacitances of 64pF, 212pF and 5pF values,
respectively (i.e. Cload ' 54pF), and target sampling period
TS/2 < 35ns for a residual error ε = 0.035% referred to the
differential full-scale voltage VFS = 2.4Vpp.

Figure 8 details the VMA schematic sizing obtained from
the settling time analysis described in previous section. The
equivalent design parameters for the type-II Class-AB current
amplifiers are A = 4, B = 3 and C = 1 with extra
geometrical scaling at the output transistors. The optimized
kAB = 2.5 verifies (18) and it is well below the theoretical
maximum value of 32 returned by (16) for n = 1.5 and
room temperature. Compared to Figure 1, cascode transistors
are added to the OTA output branches for the purpose of
improving open-loop voltage gain. The optimum biasing of
these stacked devices for a maximum output full-scale voltage
can be obtained from [27]. As a positive side effect, minimum
channel-length devices can be selected to minimize parasitic
capacitance.
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Figure 8. Type-II VMA design example in 0.18µm 1.8V CMOS technology.
All device dimensions are given in µm.

Simulation results for this OTA circuit example are reported
in Figures 9, 10 and 11. The VMA Class-AB behavior is as
expected from the analytical model of Section III-B, with the
slight reduction in the current peak value observed in Figure 9
due to the cascode biasing scheme adopted to maximize output
full-scale voltage. Furthermore, the VMA Class-AB operation
shows a remarkable low sensitivity to both technology and
temperature deviations, as demonstrated in the corner study
of Figure 9(b).
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Figure 9. Analytical (a) and simulated (b) Class-AB DC current transfer
curve for the type-II VMA of Figure 8 (NMOS path), and typ/27◦C (solid),
fast/-40◦C (dashed) and slow/80◦C (dotted) simulation corners.

Concerning the open-loop dynamic performance of Fig-
ure 10(a), the single-stage VMA circuit can achieve high-gain
values while maintaining the parasitic pole frequencies well
above GBW . In fact, it is worth to highlight the robustness
of VMA stability under closed-loop operation for multi-decade

range of capacitive load conditions, as studied in Figure 10(b).
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Figure 10. Simulated open-loop frequency response for 200pF load (a) and
step response under scaled load and frequency conditions (b) for the type-II
VMA of Figure 8.

Finally, Figure 11 presents a comparative analysis in terms
of static CMRR and PSRR+ between the proposed Class-
AB VMA design example of Figure 8 and its equivalent
Class-A current-mirror OTA counterpart (i.e. same device
sizing and bias levels). As it can be seen, no degradation
can be noticed due to the proposed Class-AB mechanism. In
fact, the variable-mirror symmetry allows to keep almost the
same performance, showing average rejection ratios exceeding
100dB and standard-deviation values below 10dB.

VI. EXPERIMENTAL RESULTS

The type-II VMA circuit example of Figure 8, together with
its own SC network for CMFB control, has been integrated in
0.18µm 1P6M MiM 1.8V CMOS technology, as depicted in
Figure 12. Characterization results under unity gain resistive
inverter configuration are reported in Figures 13 and 14
together with Table I. In all cases, good agreement is observed
between simulated and experimental data, like in the dynamic
Class-AB measurements of Figure 14.

Table I includes a comparative study between the tested
type-II VMA example and previous Class-AB OpAmp and
OTA literature according to the following well-accepted figure-
of-merit:

FOM =
SR× Cload

PD
(19)
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Figure 11. Simulated CMRR and PSRR deviations due to technology
mismatching for (a) the type-II Class-AB VMA of Figure 8 and (b) its
equivalent Class-A current-mirror OTA counterpart (i.e. same device sizing
and bias levels).

where PD stands for the static power consumption. In terms
of Class-AB capabilities, references [11], [15] report extremely
high FOM values but at the cost of poorer gain performance
figures (below 50dB), of requiring resistors for their CMOS in-
tegration and of a higher sensitivity to technology. Considering
the rest of state-of-art proposals, the presented work returns
the highest FOM with an improve of at least 25% of its value.

VII. CONCLUSIONS

A new family of Class-AB OTA circuits based on single-
stage topologies with non-linear current amplifiers has been
presented. The novel VMA architecture, when appropriately
applied, avoids the need for any internal frequency compensa-
tion mechanism, and it is characterized by investing the whole
Class-AB current in the output transistors only. Furthermore,
thanks to their matched-based design, both type-I and type-II
VMA Class-AB behavior exhibits very low sensitivity to both
technology and temperature deviations. Analytical expressions
valid in all regions of operation are presented for the proposed
circuits to minimize VMA settling time under discrete-time
operation. The resulting OTAs are suitable for low-power SC

CMFB
SC network

Type-II
VMA

Figure 12. Micrograph of the type-II VMA of Figure 8 and its CMFB
capacitive network integrated in 0.18µm 1P6M 1.8V CMOS technology.
Overall circuit size is 335µm× 210µm (0.07mm2).
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Figure 13. Experimental (solid) an ideal (dotted) transient response of the
type-II VMA of Figure 12 at 3.6Vpp differential input and 650nF load.
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Figure 14. Experimental (thick) and simulated (thin) step response of the
type-II VMA of Figure 12 at 2.4Vpp differential input and 650nF load.
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Table I
CLASS-AB OPAMP AND OTA CIRCUIT COMPARISON.

This
Parameter [16] [10] [13] [17] [18] [11] [19] [15] [21] [14] [6] [22] work
CMOS technology [µm] 0.5 1.2 0.25 0.8 0.8 0.5 0.18 0.5 0.18 0.18 0.13 0.09 0.18

Supply voltage [V] 1.8 3 1.2 1.5 1.5 2 1 2 1.8 1.8 1.2 1.2 1.8

DC Gain [dB] 94 63 69 67 60 43 58.25 45 53.6 74 70 59.8 72

Eq. noise [ nVrms√
Hz

@100kHz] 7.9 19 21.2 17 21 14.1 34.9 0.8

Load capacitance [pF] 4 35 4 10 10 80 5 25 5.6 1.75 5.5 5 200

GBW [MHz] 26 8 165 15 15 0.725 79.53 11 134.2 160 35 348.1 86.5

Phase margin [deg] 64 65 80 75 89.5 61 70.6 45 62.2 50

Slew rate [V/µs] 104 10.2 329 10 10 89 2.3 20 94.1 26.6 19.5 173 74.1

Power [mW] 0.6 0.534 5.8 0.3 0.39 0.12 0.067 0.04 1.44 0.362 0.11 0.852 11.9

Area [mm2] 0.061 0.024 0.012 0.005 0.012 0.070

FOM [ V
µs

pF
µW ] 0.69 0.67 0.28 0.33 0.26 59.33 0.17 12.5 0.366 0.129 0.98 1.015 1.25

Resistor-free No Yes Yes No No No Yes No Yes No Yes Yes Yes

circuits and specifically optimized for SOA fast power on-
off operation and multi-decade load capacitance specifications.
A complete design example integrated in standard 0.18µm
1P6M MiM 1.8V CMOS technology is presented with detailed
simulation and experimental results to proof the validity of the
proposed VMA architecture. Compared to resistor-less state-
of-art Class-AB OpAmp and OTA literature, the proposed
VMA family returns the highest FOM value.

ACKNOWLEDGMENT

This work has been partially funded by the European Space
Research and Technology Centre (ESTEC) under the contract
40000101556/10/NL/AF.

REFERENCES

[1] M. Wang, T. L. Mayugh, S. H. K. Embabi, and E. Sánchez-Sinencio,
“Constant-gm Rail-to-Rail CMOS Op-Amp Input Stage with Over-
lapped Transition Regions,” IEEE J. Solid-State Circuits, vol. 34, no. 2,
pp. 148–156, Feb 1998.

[2] G. Ferri, W. Sansen, and V. Peluso, “A Low-Voltage Fully-Differential
Constant-Gm Rail-to-Rail CMOS Operational Amplifier,” Journal of
Analog Integrated Circuits and Signal Processing, Kluwer Academic
Publishers, vol. 16, pp. 5–15, 1998.

[3] B. J. Blalock, P. E. Allen, and G. A. Rincon-Mora, “Designing 1-V Op
Amps Using Standard Digital CMOS Technology,” IEEE Trans. Circuits
Syst. II, vol. 45, no. 7, pp. 769–779, Jul 1998.

[4] O. A. Adeniran and A. Demosthenous, “Constant-Resistance CMOS
Input Sampling Switch for GSM/WCDMA High Dynamic Range ∆Σ
Modulators,” IEEE Trans. Circuits Syst. I, vol. 55, pp. 3234–3245, 2008.

[5] H. Park, K. Nam, D. K. Su, K. Vleugels, and B. A. Wooley, “A 0.7-V
100-dB 870-µW Digital Audio ∆Σ Modulator,” in Symposium on VLSI
Circuits Digest of Technical Papers, 2008, pp. 178–179.

[6] M. Figueiredo, R. Santos-Tavares, E. Santin, J. Ferreira, G. Evans, and
J. Goes, “A Two-Stage Fully Differential Inverter-Based Self-Biased
CMOS Amplifier With High Efficiency,” IEEE Trans. Circuits Syst. I,
vol. 58, no. 7, pp. 1591–1603, July 2011.

[7] F. Tang, B. Wang, and A. Bermak, “80dB Dynamic Range 100kHz
Bandwidth Inverter-Based ∆Σ ADC for CMOS Image Sensor,” in
Proceedings of the IEEE International Symposium on Circuits and
Systems, 2012, pp. 3094–3097.

[8] J. Crols and M. Steyaert, “Switched-OpAmp: An Approach to Realize
Full CMOS Switched-Capacitor Circuits at Very Low Power Supply
Voltages,” IEEE J. Solid-State Circuits, vol. 29, no. 8, pp. 936–942,
Aug 1994.

[9] V. Peluso, P. Vancorenland, M. Steyaert, and W. Sansen, “900 mV
Differential Class AB OTA for Switched Opamp Applications,” IET
Electronics Letters, vol. 33, no. 17, pp. 1455–1456, Aug 1997.

[10] H. Elwan, W. Gao, R. Sadkowski, and M. Ismail, “CMOS Low-Voltage
Class-AB Operational Transconductance Amplifier,” IET Electronics
Letters, vol. 36, no. 17, pp. 1439–1440, Aug 2000.

[11] A. Lopez-Martin, S. Baswa, J. Ramirez-Angulo, and R. Carvajal, “Low-
Voltage Super Class AB CMOS OTA Cells with Very High Slew Rate
and Power Efficiency,” IEEE J. Solid-State Circuits, vol. 40, no. 5, pp.
1068–1077, May 2005.

[12] M. Yavari, “Single-Stage Class AB Operational Amplifier for SC Cir-
cuits,” IET Electronics Letters, vol. 46, no. 14, pp. 977–979, Jul 2010.

[13] M. Yavari and O. Shoaei, “Very Low-Voltage, Low-Power and Fast-
Settling OTA for Switched-Capacitor Applications,” in The 14th Inter-
national Conference on Microelectronics, Dec 2002, pp. 10–13.

[14] A. Perez, K. Nithin, E. Bonizzoni, and F. Maloberti, “Slew-Rate and
Gain Enhancement in Two Stage Operational Amplifiers,” in Proceed-
ings of the IEEE International Symposium on Circuits and Systems, May
2009, pp. 2485–2488.

[15] J. Ramirez-Angulo, R. Carvajal, J. Galan, and A. Lopez-Martin, “A Free
but Efficient Low-Voltage Class-AB Two-Stage Operational Amplifier,”
IEEE Trans. Circuits Syst. II, vol. 53, no. 7, pp. 568–571, July 2006.

[16] P. Malcovati, F. Maloberti, and M. Terzani, “An High-Swing, 1.8 V,
Push-Pull OpAmp for Sigma-Delta Modulators,” in Proceedings of the
IEEE International Conference on Electronics, Circuits and Systems,
vol. 1, 1998, pp. 33–36 vol.1.

[17] A. Torralba, R. Carvajal, J. Ramírez-Angulo, J. Tombs, F. Muñoz, and
J. Galan, “Class AB Output Stages for Low Voltage CMOS Opamps with
Accurate Quiescent Current Control by Means of Dynamic Biasing,”
Journal of Analog Integrated Circuits and Signal Processing, Kluwer
Academic Publishers, vol. 36, no. 1-2, pp. 69–77, 2003.

[18] R. Carvajal, A. Torralba, J. Tombs, F. Muñoz, and J. Ramírez-Angulo,
“Low Voltage Class AB Output Stage for CMOS Op-Amps Using
Multiple Input Floating Gate Transistors,” Journal of Analog Integrated
Circuits and Signal Processing, Kluwer Academic Publishers, vol. 36,
no. 3, pp. 245–249, 2003.

[19] A. Liu and H. Yang, “Low Voltage Low Power Class-AB OTA with
Negative Resistance Load,” in Proceedings of the IEEE International
Conference on Communications, Circuits and Systems, vol. 4, June 2006,
pp. 2251–2254.

[20] J. Roh, “High-Gain Class-AB OTA with Low Quiescent Current,”
Journal of Analog Integrated Circuits and Signal Processing, Kluwer
Academic Publishers, vol. 47, no. 2, pp. 225–228, 2006. [Online].
Available: http://dx.doi.org/10.1007/s10470-006-4959-1

[21] R. Assaad and J. Silva-Martinez, “The Recycling Folded Cascode: A
General Enhancement of the Folded Cascode Amplifier,” IEEE J. Solid-
State Circuits, vol. 44, no. 9, pp. 2535–2542, Sept 2009.

[22] M. Yavari and T. Moosazadeh, “A Single-Stage Operational Amplifier
with Enhanced Transconductance and Slew Rate for Switched-Capacitor
Circuits,” Journal of Analog Integrated Circuits and Signal Processing,
Springer Engineering, vol. 79, no. 3, pp. 589–598, 2014. [Online].
Available: http://dx.doi.org/10.1007/s10470-014-0292-2

[23] S. Sutula, M. Dei, L. Terés, and F. Serra-Graells, “Class-AB Single-Stage
OpAmp for Low-Power Switched-Capacitor Circuits,” in Proceedings of



10

the IEEE International Symposium on Circuits and Systems, May 2015,
pp. 2081–2084.

[24] C. C. Enz, “MOS Translinear Modeling Dedicated to Low-Current and
Low-Voltage Analog Circuit Design and Simulation,” École Politecnique
Fédérale de Lausanne, Tech. Rep., 1995, http://ekv.epfl.ch.

[25] F. Baruqui and A. Petraglia, “Linearly tunable cmos ota with constant
dynamic range using source-degenerated current mirrors,” Circuits and
Systems II: Express Briefs, IEEE Transactions on, vol. 53, no. 9, pp.
797–801, Sept 2006.

[26] P. Khumsat and A. Worapishet, “Single-stage cmos ota for active-rc
filter design,” in Circuit Theory and Design, 2007. ECCTD 2007. 18th
European Conference on, Aug 2007, pp. 436–439.

[27] P. Aguirre and F. Silveira, “Bias Circuit Design for Low-Voltage Cascode
Transistors,” in Proceedings of the 19th Annual Symposium on Integrated
Circuits and Systems Design, 2006, pp. 94–97.

Stepan Sutula (S’10) received the B.S. degree in
Industrial Electronics Engineering from the Uni-
versitat Politècnica de Catalunya, Spain, in 2007,
and the M.S. degree in Micro and Nanoelectronics
Engineering in 2009 and the Ph.D. degree in 2015
both from the Universitat Autònoma de Barcelona,
Spain. From 2006 to 2008, he was with Investigation
Total Ware, S.A., Spain, where he was engaged in
analog and mixed-signal circuit design for highly
reliable wireless telecommunication systems. From
2008 to 2015, he was with the Integrated Circuits

and Systems design group at Institut de Microelectrònica de Barcelona, Centro
Nacional de Microelectrónica, IMB-CNM(CSIC), Spain, designing mixed-
signal ASICs for integrated smart sensors. Since 2016, he is with Broadcom
Ltd., Barcelona, Spain. His main research and design interests are in the field
of low-power high-resolution data converters.

Michele Dei received the Laurea degree in Elec-
tronic Engineering in 2007 and the Ph.D. degree
in Information Engineering in 2010, both from the
University of Pisa, Italy. Since then, he has been with
the Institut de Microelectrònica de Barcelona, Centro
Nacional de Microelectrónica, IMB-CNM(CSIC),
Spain. He is currently supported by a Torres
Quevedo grant jointly at IMB-CNM(CSIC) and at
spin-off company X-RAY IMATEX S.L., Spain. His
main areas of interest include high figure-of-merit
data converters for space applications, and analog-

mixed circuit design for imagers and integrated sensors.

Lluís Terés received the Enginyer d’Informàtica
degree and the Doctor in Computer Sciencie de-
gree in 1982 and 1986, respectively, both from the
Universitat Autònoma de Barcelona, Spain. He is
with IMB-CNM(CSIC) since its creation in 1985.
He is leading the Integrated Circuits and Systems
(ICAS) group at IMB with research activities in
the fields of sensors signal interface and wireless
networks, body-implantable monitoring systems, in-
tegrated N/MEMS interfaces, blocks design for
synchronous-asynchronous SoC, flexible platform-

based systems and organic/printed-electronics. He has been participated in
more than 30 industrial and research projects, being co-author of more than
60 papers and conferences, up to 8 patents and participating in 2 spin-offs. He
is recipient of the 2008 Best Paper Award by the Sensory Systems Technical
Committee of the IEEE Circuits and Systems Society. He is also part time
Assistant Professor at the Engineering School of the Universitat Autònoma
de Barcelona.

Francisco Serra-Graells (S’91-M’94) received the
Enginyer de Telecomunicació degree and the Doc-
tor Enginyer de Telecomunicació degree in 1993
and 2001, respectively, both from the Universitat
Politècnica de Catalunya (UPC), Spain. Since 1994,
he has been with the Microelectronics and Elec-
tronic Systems Department, Universitat Autònoma
de Barcelona (UAB), Spain, where he is full-time
Associate Professor. Also since 1994, he has been
attached for research and industrial projects to
the Integrated Circuits and Systems (ICAS) design

group of the Institut de Microelectrònica de Barcelona, Centro Nacional de
Microelectrónica, IMB-CNM(CSIC), Spain. His current research interests are
focused on very low-power analog, mixed-signal and RF CMOS design of in-
tegrated circuits and systems for smart sensory applications like hearing-aids,
IR and X-ray imagers, N/MEMS oscillators, integrated chemical sensors and
wireless networks of sensors. He is co-author of more than 50 publications,
co-inventor of 7 patents, supervisor of 4 Ph.D. Thesis and participant in more
than 25 research and industrial projects. He is also recipient of the 2008
Best Paper Award by the Sensory Systems Technical Committee of the IEEE
Circuits and Systems Society.


