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ABSTRACT This paper presents a novel 0.3V rail-to-rail body-driven three-stage operational transconduc-
tance amplifier (OTA). The proposed OTA architecture allows achieving high DC gain in spite of the bulk-
driven input. This is due to the doubled body transconductance at the first and third stages, and to a high
gain, gate-driven second stage. The bias current in each branch of the OTA is accurately set through gate-
driven or bulk-driven current mirrors, thus guaranteeing an outstanding stability of main OTA performance
parameters to PVT variations. In the first stage, the input signals drive the bulk terminals of both NMOS and
PMOS transistors in a complementary fashion, allowing a rail-to-rail input common mode range (ICMR).
The second stage is a gate-driven, complementary pseudo-differential stage with an high DC gain and a
local CMFB. The third stage implements the differential-to-single-ended conversion through a body-driven
complementary pseudo-differential pair and a gate-driven current mirror. Thanks to the adoption of two fully
differential stages with common mode feedback (CMFB) loop, the common-mode rejection ratio (CMRR)
in typical conditions is greatly improved with respect to other ultra-low-voltage (ULV) bulk-driven OTAs.
The OTA has been fabricated in a commercial 130nm CMOS process from STMicroelectronics. Its area
is about 0.002 mm2, and power consumption is less than 35nW at the supply-voltage of 0.3V. With a load
capacitance of 35pF, the OTA exhibits a DC gain and a unity-gain frequency of about 85dB and 10kHz,
respectively.

INDEX TERMS Bulk-driven OTA, ultra-low voltage, three-stage amplifier, body-biased, local common
mode feedback (LCMFB).

I. INTRODUCTION
Recent years have seen a growing interest in sub-0.5V
electronics [1], [2], motivated not only by the need to
minimize power consumption, but also to allow powering the
system by exploiting energy harvested from the environment:
energy harvesting systems typically provide DC voltages of a
few hundreds milliVolts [3]. Since, for digital circuits, supply
voltage lowering results mainly in a speed degradation,
operating digital systems at ULV conditions (e. g. supply
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voltage lower than 0.5V) is still feasible by exploiting
the subthreshold operation of CMOS gates and using a
reduced clock frequency. The situation is quite different for
analog circuits. In fact, the reduction of the supply voltage
below 0.5V, combined with the reduced intrinsic gain of
MOS transistors implemented in modern deep submicron
technologies [4], [5], makes it very hard to meet design goals
of analog circuits, and solutions where analog functions are
implemented taking advantage of true digital circuits have
been proposed in the literature [6], [7].

The operational transconductance amplifier (OTA) is a
key building block for analog applications, and the ultra-low
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voltage (ULV) and ultra-low power (ULP) context makes
designing high performance OTAs very hard. In particular,
when the supply voltage is reduced to 0.5V or less, the
standard design approaches used to design OTAs, such as
input transconductor implemented through a conventional
differential pair with a tail current generator, and cascoding
to increase gain, are no longer applicable, forcing CMOS
designers to search for different paradigms. Moreover, the
limited supply voltage requires to fully exploit the available
dynamic range, thus making solutions with a rail-to-rail input
common mode range (ICMR) mandatory.

The absence of the tail current generator makes achieving
a stable biasing and a high common mode rejection ratio
(CMRR) a very critical task. Body biasing [8] has been
proposed in the literature as a substitute for the tail generator,
but the reduced supply voltage, together with the limited body
transconductance gain, makes it impossible to reach a stable
bias point under process, supply voltage and temperature
(PVT) variations through the body terminal [9]. This strongly
limits the applicability of inverter-based solutions such
as [10] and [11] and also those which exploits body-
biasing [12]. Most ULV OTAs in the literature exploit
body driving (the input signal is applied to the body
terminal) [9], [13], [14], [15], [16], [17], [18], [19], [20],
[21], complementary n-type and p-type pseudo-differential
transconductors [22] or floating-gate and quasi-floating-gate
solutions [23]. CMRR is improved by the use of common
mode feedback (CMFB) loops, common mode feedforward
(CMFF) [9], [24], by optimizing the topology of differential-
to-single-ended converter (D2S) stages [21] or by optimizing
theOTA architecture [20]; gain can be improved by exploiting
positive feedback [15], [18] or by using additional gain
stages [14], [16], [17], [19].

In this paper we present a ULV body-driven three-stage
rail-to-rail OTA with high DC gain and CMRR. It features
an architecture with two fully differential stages followed by
a D2S, to take advantage of CMFB loops to accurately set
bias points and allow improved robustness to PVT variations.
The OTA has been designed referring to a 130nm CMOS
technology from STMicroelectroincs and measured results
on the fabricated test chip are presented.

The paper is structured as follows. Section II introduces
the OTA architecture and presents the analytical computation
of main performance parameters. Section III introduces the
design of the OTA in a 130nm CMOS process and the
results of the simulations. Section IV presents the results of
measurements on the test chip. A comparison against other
ULV OTAs taken from the literature is reported in section V
and some conclusion are drawn in Section VI.

II. OTA ARCHITECTURE
The architecture of the proposed OTA is reported in Fig. 1.
The first and second stages are fully differential amplifiers
with CMFB, whereas the third stage implements a differential
to single ended converter (D2S). The detailed schematic

FIGURE 1. Block scheme of the proposed OTA architecture.

of the proposed OTA is shown in Fig. 2. The body-driven
complementary pseudo-differential input stage is exploited
to double the transconductance gain and allow rail-to-
rail ICMR with bias currents accurately set through gate
terminals. The second stage is a gate-driven, complementary
pseudo-differential stage with an high DC gain and a local
CMFB. A further CMFB reads the common mode output
voltage of the second stage, and controls the gates of the
NMOS devices in the first stage. The third stage implements
the differential-to-single-ended conversion through a body-
driven complementary pseudo-differential pair and a gate-
driven current mirror.

The first stage has to be bulk-driven in order to guarantee
a rail-to-rail ICMR, whereas the second stage is gate-driven
to enhance the overall DC gain. Since, in the proposed
architecture, the third stage has to perform the differential-
to-single-ended conversion, we have chosen to implement it
as bulk-driven at the input to allow the implementation of a
gate-driven current mirror at the output.

A Reverse Nested Miller (RNM) compensation scheme
suitable for the proposed architecture in which the D2S is the
last stage, and implemented through capacitors C1, C2 and
C3 is exploited to guarantee the stability of the OTA with
adequate phase margin.

Since the proposed OTA requires to drive independently
the bulk terminal of NMOS and PMOS devices, it requires a
triple well CMOS process. However, since nowadays most
of the CMOS technologies allow the body terminals to
be independently driven, we do not consider this point a
limitation.

More details about the different OTA stages are given in
the following subsections.

A. FIRST STAGE
The first stage of the architecture is composed by transistors
Mp1,2 andMn1,2 which are body driven and gate biased.More
specifically, well defined bias currents are set through the
bias voltage Vbg, generated from a reference current injected
into a diode-connected PMOS device, and applied to the
PMOS devices Mp1,2, thus mirroring the reference current
(see Fig. 2) in order to gurantee good robustness under PVT
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FIGURE 2. Detailed schematic of the proposed OTA.

FIGURE 3. Linearized block scheme of the OTA for the common mode gain computation: orange color corresponds to the first stage transistors,
green color corresponds to the second stage transistors, purple color corresponds to the third stage common mode rejection. The error amplifier
has been represented in yellow color.

variations. The CMFB loop is closed by controlling the gates
of MNOS devices Mn1,2 in order to set the common mode
voltage, reduce the output offset voltage and enhance the
CMRR performance of the whole OTA.

The differential gain of the first stage can be expressed as:

Avd1 =
Gmb1
Go1

·
1

1 + s
Co1
Go1

(1)

where

Gmb1 = gmbn1,2 + gmbp1,2 (2)

Go1 = gdsn1,2 + gdsp1,2 (3)

and Co1 is the capacitance seen at the output nodes of the first
stage, which can be expressed as:

Co1 = Cgdn1,2 + Cgdp1,2 + Cin2 + Cbdn1,2 + Cbdp1,2 (4)

where Cin2 is the input capacitance of the second stage. Usual
notation has been used for small signal parameters of MOS
transistors.

The common mode gain of the first stage (without
considering the effect of the CMFB loop) is given by the
following relation:

Avc1 =
Gmb1
Go1

(5)
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B. SECOND STAGE
The second stage of the OTA is composed by transistors
Mp3,4 and Mn3,4 which are gate driven and body biased in
order to boost the gain-bandwidth product of the whole archi-
tecture. In addition, a local CMFB (LCMFB) implemented
by the two pseudoresistors MNR1,2 is exploited to accurately
set the output static voltages of the second stage in spite of
PVT variations, and at the same time to improve its CMRR
performance. In fact, since bias currents of Mp3,4 are set
through their body terminals, the biasing of the second stage
is somewhat sensitive to PVT variations, and the adoption of
the LCMFB allows to improve the robustness of the second
stage.

The differential gain of the second stage can be expressed
as:

Avd2 =
Gm2

Go2 + gR1,2
·

1

1 + s
Co2

Go2+gR1,2

(6)

where

Gm2 = gmn3,4 + gmp3,4 (7)

Go2 = gdsn3,4 + gdsp3,4 (8)

gR1,2 is the equivalent conductance of the two pseudresis-
tors MNR1,2 , and Co2 is the capacitance seen at the output
nodes of the second stage, which can be written as:

Co2 = Cgdn3,4 + Cgdp3,4 + Cin3 + Cbdn3,4 + Cbdp3,4 + CR1,2
(9)

where Cin3 is the input capacitance of the third stage.
The common mode gain of the second stage (considering

only the effect of the LCMFB) can be expressed as follows:

Avc2 =
Gm2

Go2 + gmbn3,4
(10)

C. THIRD STAGE
The third stage of the OTA is a differential to single-ended
converter made up of transistorsMp5,6 andMn5,6, which are
body driven and gate biased, in order to properly set the bias
point and thus attain stable phasemargin and gain-bandwidth-
product (GBW) under PVT variations. The differential to
single-ended conversion is performed by the gate-driven
current mirror composed byMn5 and Mn6 .
The differential gain of the third stage can be expressed as:

Avd3 =
Gmb3
Go3

1

1 + s
CL+Co3
Go3

(11)

where

Gmb3 = gmbn5,6 + gmbp5,6 (12)

Go3 = gdsn5,6 + gdsp5,6 (13)

Co3 is the capacitance seen at the output nodes of the third
stage, which can be expressed as:

Co3 = Cgdn5,6 + Cgdp5,6 + Cbdn5,6 + Cbdp5,6 (14)

and CL is the load capacitance at the output node of the OTA.
The common mode gain of this stage can be written as:

Avc3 =
Gmb3
Go3

·
Go3

gmn5,6 + Go3
≈

Gmb3
gmn5,6

(15)

D. ANALYSIS OF THE CMFB LOOPS AND CMRR
The proposed OTA architecture exploits two CMFB loops
which both sense the common mode output voltage of the
second stage through the pseudoresistorsMnR1,2 .

The LCMFB is closed through the body terminals ofMn3,4
and is needed to guarantee proper biasing of the second stage
when considering the current offset due to threshold voltage
variations of PMOS and NMOS devices under process and
temperature variations. Its main effect is to reduce the
common-mode output impedance of the second stage, thus
extending the linear range of the main CMFB, which allows
to strongly improve the CMRR of the OTA. In detail, the
estimation of the output common mode voltage of the second
stage Voc2 provided by MnR1,2 is sent to the error amplifier
Ae, composed byMp7,8 andMn7,8 , which compares Voc2 with
a reference voltage VREF and then adjusts the gate voltages of
Mn1,2 in order to improve CMRR performance and increase
the accuracy of the DC operating point of the second stage
under PVT variations. It has to be noted thatMnR1,2 implement
a voltage divider used to extract the common mode voltage
at the output of the second stage and provide an estimation
of the common-mode voltage which is insensitive to PVT
variations.

The error amplifier Ae is implemented through a gate-
driven body-biased stage depicted in Fig. 2 whose gain is:

Ae =
gmn7,8

gdsp7,8 + gdsn7,8
(16)

The linearized block scheme of the OTA architecture
adopted for small signal analysis is depicted in Fig. 3,
for what concerns the common-mode behavior. Referring
to the block scheme in Fig. 3, the common-mode voltage
Voc1 =

Vo1p+Vo1m
2 at the output of the first stage as a function

of the input common-mode voltage Vic =
Vip+Vim

2 can be
easily computed as:

Voc1
Vic

= −
Gmb1(

Gm2
gmbn3,4

)
gmn1,2Ae

(17)

the common-mode voltage Voc2 =
Vo2p+Vo2m

2 at the output
of the second stage as a function of the input common-mode
voltage Vic can be expressed as:

Voc2
Vic

=
Avc1Avc2

1 + AeAvc2

(
gmn1,2
Go1

) (18)

Finally, the common mode gain of the whole OTA can be
expressed at node Vout as:

AVCtot =
Vout
Vic

≈ −
Gmb1Avc3
gmn1,2Ae

(19)
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FIGURE 4. Block scheme for the computation of the output offset voltage of the proposed OTA: Ioffi
denotes the i − th stage

offset current given by mismatch variations between NMOS and PMOS.

In conclusion, by considering the gain of the error amplifier
expressed in Eq. 16 the commonmode gain of the architecture
can be derived:

AVCtot ≈ −
Gmb1
gmn1,2

·
Gmb3
gmn5,6

·

gdsn7,8 + gdsp7,8
gmn7,8

(20)

The differential gain of the OTA can be derived by
multiplying the differential gains of the three-stages as
follows:

AVDtot =

3∏
i=1

AVDi ≈
Gmb1
Go1

·
Gm2

Go2 + gR1,2
·
Gmb3
Go3

(21)

Finally, Eq. 20 and Eq. 21 can be used to derive the expression
of CMRR according to its definition:

CMRR =
AVDtot
AVCtot

≈

gmn1,2
Go1

·
Gm2

Go2 + gR1,2
·

gmn5,6
Go3

· Ae (22)

From Eq. 22 it is evident that the proposed OTA exhibits a
very high CMRR (in the order of A4v) in typical conditions.
However, it has to be noted that this result has been obtained
without considering the effect of mismatches, which can
result in a strong degradation of CMRR performance.

E. ANALYSIS OF OUTPUT OFFSET UNDER MISMATCH
VARIATIONS
In this section we analyze the output offset voltage of
the proposed OTA considering the current offset due to
threshold voltage variations of PMOS and NMOS devices
under process and temperature variations. In detail, the block
scheme adopted for the computation of the output offset
voltage is depicted in Fig. 4. The three-stages are highlighted
in different colors: the first stage is denoted in orange, the
second stage in green and finally, the third stage in purple. For
each stage we consider that the currents drawn by the NMOS
and PMOS transistors in each branch, due to process and
temperature variations, are not perfectly equal to each other
and this generates a DC offset current. This offset current,
multiplied by the output resistance of the i−th stage, produces
aDC offset voltage (i. e. a variation of the static output voltage
with respect to the analog ground). In the following of this
analysis, we denote the output offset current of each stage
with Ioffi .

Then, referring to the block scheme of Fig. 4 the output
offset voltage of the whole OTA can be computed as:

VoDC ≈
Ioff3
Go3

−
Ioff2
Avx1

·
Avx3
AeGm2

+
Ioff1 · Avx3
Aegmn1,2

(23)

where

Avx1 =

gmn1,2
Go1

(24)

Avx3 =

gmn5,6
Gmb3

(25)

Now, expressing the offset currents and the DC output voltage
in terms of their mean value and standard deviation as
follows:

Ioffi = µIi + σIi , i = 1, 2, 3 (26)

VoDC = µV + σV (27)

and assuming both µIi and µV approximately equal to 0,
we can compute the standard deviation of the DC output
voltage as follows:

σ 2
V =

Av2x3
A2eAv2x1

· (
σ 2
I1

G2
o1

+
σ 2
I2

G2
m2

) +
σ 2
I3

G2
o3

(28)

By looking at Eq. 28, it can be observed that, if comparedwith
the solution presented in [16], the proposed OTA architecture
allows to set the static node voltages and DC bias points with
higher accuracy and less dependence on mismatch variations.
In fact, since the offset voltage of the first and second stages
are rejected by feedback loops, the bias points are stable
under mismatch variations, resulting in very stable GBW
and PD.

III. OTA DESIGN AND SIMULATION RESULTS
The proposed three-stage OTA has been designed and imple-
mented in a 130nmCMOS process from STMicroelectronics.
Table 1 reports the dimensions and bias currents of the
transistors implementing the architecture in Fig. 2. The bias
voltages Vbg and Vbb in Fig. 2 are both set at 150mV, and
the reference voltage VREF is 150mV too. Compensation
capacitors C1, C2 and C3 are set to 100fF, 100fF and 1.5pF
respectively, whereas CR1 and CR2 are 40fF. The design has
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TABLE 1. Transistors’ sizing and bias currents.

FIGURE 5. Magnitude and Phase of the differential gain of the proposed
three-stage OTA.

been carried out within the Cadence Virtuoso environment for
a nominal supply voltage VDD of 0.3V and assuming a load
capacitance of 35pF at the output.

The differential transfer function (magnitude and phase)
of the OTA is reported in Fig. 5, showing a phase
margin of about 58.27◦ and a gain-bandwidth product of
about 10kHz.

Fig. 6 reports the CMRR frequency response in typical
conditions showing a low frequency value in excess of 136dB.
However, it has to be noted that this good result is obtained
without considering the effect of mismatches which, as will
be shown in the following of this section, strongly impact
CMRR performance.

Fig. 7 shows the DC transfer characteristic of the proposed
OTA in unity-gain configuration, highlighting the rail-to-rail
ICMR and the high accuracy of the voltage gain.

The input referred noise of the proposed OTA is reported
in Fig. 8: the white noise at 1 kHz is about 2.86 µV/

√
Hz.

The transient response of the OTA in unity-gain config-
uration to a rail-to-rail input step is depicted in Fig. 9. The

FIGURE 6. CMRR of the proposed three-stage OTA.

FIGURE 7. DC transfer characteristic of the proposed OTA in unity-gain
configuration.

FIGURE 8. Input referred noise of the proposed three-stage OTA.

amplifier with respect to an input step of amplitude of 220mV
shows positive and negative slew rate (SR+ and SR−) equal
to about 2.5 V/ms and 5 V/ms respectively, highlighting an
average slew rate of about 3.75 V/ms.
Sinusoidal inputs at different amplitudes and with a

frequency of 100 Hz have been used to excite the OTA
in unity-gain configuration and evaluate the total harmonic
distortion (THD). The OTA exhibits a very good THD (0.2%)
for an input signal amplitude of about 100mV. THD is good
also for higher amplitudes, in fact it is about (0.36%) for an
input amplitude as high as 220mV (i. e. about the 75% of the
rail-to-rail swing).

Extensive parametric and Monte Carlo simulations
have been carried out in order to assess the robust-
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TABLE 2. Performance of the OTA in the different process corners.

FIGURE 9. Transient response of the OTA in unity-gain configuration to a
rail-to-rail input step.

FIGURE 10. Total Harmonic Distortion in percentage vs input signal
amplitude at a frequency of 100Hz.

ness of the amplifier to PVT and mismatch variations,
referring both to open-loop and closed-loop simulation
testbenches.

Main OTA performance parameters have been evaluated
in the different process corners and considering a +/−10%
variation of the supply voltage and a temperature range
from 0 to 80 ◦C, and results are summarized in Tables 2 and 3
respectively. Both small signal and large signal performance
of the proposed OTA resulted to be very robust with respect

FIGURE 11. Histrogram of the CMRR over 200 mismatch Monte Carlo
Iterations.

to PVT variations. The analysis in Table 2, reports also the
offset voltage of the output of each stage, denoted as Offseti
and, as it can be observed, in the whole range of variations
they result very stable (offset voltages are all very close to 0).
This behavior is due to the explicit bias reference voltage in
the error amplifier circuit of the CMFB and also to the local
CMFB of the second stage.

Table 4 summarizes the results of 200 mismatch Monte
Carlo iterations, showing how most of the OTA performance
parameters are only slightly sensitive to mismatch variations.
This is not true for CMRR and output offset voltage which are
the most sensitive parameters. In particular the mean value of
the CMRR under mismatch variations is much lower than the
nominal value, in which al signal paths are assumed identical
to each other. However, it has to be noted that we have used
relatively small transistors to keep the area low, and that the
mean value of the CMRR under mismatch variations can be
improved by increasing the area ofMOS transistors according
to the Pelgrom law [25].

Fig. 11 shows the histrogram of the CMRR obtained from
200mismatchMonte Carlo Iterations and confirms the strong
impact of mismatch variations at ULV conditions.
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TABLE 3. Performance of the OTA under supply voltage and temperature variations.

TABLE 4. Monte Carlo mismatch simulations.

FIGURE 12. Chip microphotograph.

IV. MEASURED RESULTS
The microphotograph of the 130nm fabricated test-chip and
the detail with the layout of the proposed three-stage OTA are
reported in Fig. 12. The area footprint of the proposed OTA
is about 60 × 39 µm2.

FIGURE 13. Measured closed-loop AC response (GBW = 9.8 kHz).

The measured frequency response ot the three-stage
OTA in unity-gain configuration is reported in Fig. 13.
The measured GBW is 9.8KHz and results in very good
agreement with the simulated value. Fig. 14 reports the
measured transient response to a 220mV input step. The
measured SR+ and SR− are 2.5V/ms and 5V/ms respectively,
and are in good agreement with simulations.

V. COMPARISON WITH LITERATURE
The main performance parameters of the proposed OTA are
reported in Table 5 and compared with other ULV OTAs
taken from the literature. The proposed three-stage OTA
results in better performance in terms of FOMS , linearity and
also Silicon area with respect to [16] which was the most
performant three-stage OTA. Furthermore, wewant to remark
that the proposed architecture results in lower area footprint,
with respect to both two-stage and three-stage OTAs in the
comparison table.
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TABLE 5. Comparison with the literature.

FIGURE 14. Measured transient step response (SR+ = 2.5 V/ms,
SR− = 5 V/ms.

VI. CONCLUSION
In this work we have presented a 0.3V ULV three-stage OTA
with high DC gain and rail-to-rail ICMR. The three-stage
OTA occupies an area of about 0.002 mm2 and its power
consumption is around 30nW at the supply voltage of 0.3V.
With a load capacitance of 35pF, the OTA exhibits a DC
gain and a unity-gain frequency of about 85dB and 10kHz,
respectively. The OTA performances are remarkably stable
with respect to PVT variations and mismatches. Results
reported in tables 2 and 3 show that the variation of GBW
with PVT is less than 3%, and in general highlight the very
good robustness of the proposed solution to PVT variations.

Compared with the state of the art, the proposed OTA exhibits
very good overall performance being the most compact
between the body-driven three-stage OTAs.
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