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Abstract
This work presents an Operation Transconductance Amplifier with improved common mode rejection based in both

Nauta’s and Vieru’s push–pull based OTAs operating at a 0.5 V power supply in the 180 nm CMOS process, with an

additional biasing circuit that employs an adaptive body bias technique for calibration of output common mode voltage.

Equal size CMOS push–pull pair inverter cells comprised by rectangular and trapezoidal transistor arrays are simulated and

compared, showing that trapezoidal arrays designs have a higher DC voltage gain while rectangular arrays are more

tolerant to process variability. Two new adaptive body bias circuits for CMOS circuits are proposed, which are used to

minimize the inverter cells PVT variability and at the same time control the push–pull based OTAs common mode output

voltage and transconductance. A schematic-level simulation of a hybrid Nauta–Vieru OTA prototype was run and achieved

as result a differential voltage gain of 58 dB, a CMRR of 108 dB, a total power consumption of 375 nW, unity gain-

bandwidth product of 100 kHz for a capacitive load of 10 pF, and a total area of 13,650 lm2. The same OTA was

fabricated and its DC transfer functions were measured, showing a maximum 52 dB voltage gain, 73 dB CMRR and

11lV/A transconductance at a 0.5 V voltage supply.

Keywords Analog integrated circuits � Body bias � Ultra low voltage � Operational transconductance amplifiers �
Self-cascode

1 Introduction

The evolution of CMOS technology pursues smaller tran-

sistor lengths, which results in higher operating frequencies

and higher logic gate densities in integrated circuits. The

trade-off of higher transistor densities is an increased

power density, so supply and threshold voltages were

scaled down to keep power dissipation to practical levels.

New biomedical and sensor applications are being

developed using energy harvesting from the environment

that provides very limited energy resources and very low

supply voltages, much lower than the typical supply volt-

ages for which common digital CMOS processes are

designed. Those supply voltages, commonly under 0.5 V,

are within the so called ultra low voltage supplies.

Ultra low voltage supplies introduce many challenges to

analog design of amplifiers and demand different circuit

design strategies. Transistors must be kept operating in

saturation for acceptable gains and signal swing, which

excludes gain design techniques using cascode configura-

tions and limits the use of differential pairs. Differential

pairs are often replaced by pseudo-differential pairs, which

lacks a current source transistor and relies on other tech-

niques for common mode input signal and power supply

rejection [3].

The gain of amplifiers stages with ultra low voltage

supplies are usually lower than needed by its applications

and the use of more than two amplifying stages has added

complexity for stability compensation. A solution to

increase gain is to use series-parallel transistor arrays to

achieve higher output resistance [5].

Nauta proposed a OTA [7] based on a push–pull pseudo-

differential pair and a circuit which rejects common mode

input signals. Vieru proposed another push–pull based

OTA [9] which employs a common mode cancellation path

& Luı́s Henrique Rodovalho

luis.henrique.rodovalho@posgrad.ufsc.br

1 Federal University of Santa Catarina, Florianópolis, Brazil
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for common mode rejection. For both push–pull based

amplifiers, the common mode output voltage is the quies-

cent voltage of the push–pull CMOS pair, which is a

function of process parameters. Thus, the common mode

output voltage is highly dependent of process variability.

Also, the power consumption and gain bandwidth product

of those topologies are defined by the push–pull pair qui-

escent current, which is also highly dependent of process

variability.

The original Nauta’s OTA biasing uses supply voltage

regulation, which is impractical for ULV, so independent

body-biasing was proposed in [12] to control the OTA

transconductance. Also, both original and body-biased

OTAs rely on positive feedback to improve its voltage

gain. Another work [1] proposed rectangular arrays to

improve voltage gain and process variability tolerance

without body-biasing, which is useful to reduce transistor

mismatch but is not effective against process parameter

variability. This work proposes the use of trapezoidal

transistor arrays, also know as composite series transistor

and self-cascode, as an alternative to voltage gain

enhancement. Additionally, this work proposes two

entirely analog adaptive biasing circuits useful for both

Nauta’s and Vieru’s OTAs, based in the push–pull body-

biasing circuits from [3] and the constant transconductance

current reference from [11].

In Sect. 2, the push–pull pair will be analysed for tran-

sistors operating in weak inversion and forward-body-bias

will be discussed as a method to define its quiescent volt-

age and quiescent current. Rectangular and trapezoidal

arrays will be discussed as methods to improve voltage

gain and how they affect the push–pull pair characteristics.

Then, two biasing circuits will be proposed: the first one to

define only the push–pull quiescent voltage, and the second

one to define both quiescent voltage and current.

In Sect. 3, Nauta’s and Vieru’s push–pull based OTAs

will be analysed. A variation of the Nauta’s OTA which

employs the bulk terminal for common mode rejection, the

Bulk Nauta OTA, will be proposed. Later, a hybrid of the

proposed Bulk Nauta and Vieru OTA will be proposed.

Finally, in Sect. 4, simulation and measurement results will

be shown to compare the proposed amplifiers with state-of-

art counterparts.

2 Push–Pull analysis, voltage gain
enhancement and biasing

2.1 Push–Pull pair analysis

The CMOS push–pull pair, depicted in Fig. 1(a), con-

sists in a PMOS transistor staked on a NMOS transistor,

with the input signal connected to both gate terminals. The

push–pull quiescent output voltage VQ, which is the input

voltage that results in an equal output voltage, is shown in

the transfer function depicted in Fig. 1(b). The quiescent

current IQ is the push–pull DC current while Vi ¼ VQ. The

quiescent current IQ can be calculated accordingly to the

UICM model [8] simplified for weak inversion operation,

as shown in (1),

ID ¼ISe
1exp

VGS þ ðn� 1ÞVBS � VT

n/t

� �
ð1aÞ

IQ ¼ISN e
1exp

VQ þ ðn� 1ÞVbn � VT

n/t

� �
ð1bÞ

ISNðPÞ ¼lC0
oxn

/2
t

2

W

L
¼ ISH

W

L
ð1cÞ

where IS is the normalization current, which is function

of the charge mobility l, the oxide capacitance per area

C0
ox, the slope factor n, the thermal voltage /t and the

channel width and length W and L. Considering that VQ is

kept constant, by biasing independently the PMOS and

NMOS substrate voltages Vbp and Vbn, the quiescent cur-

rent increases exponentially with ðn� 1ÞVbn.

The push–pull DC transfer function itself can be sim-

plified into a linear voltage amplifier by extrapolating small

signal parameters to large signal operation. The transfer

function (2) is defined by the small signal voltage gain AV

and this approximation is only valid while both PMOS and

NMOS transistors operate in saturation and in weak

inversion. The voltage gain AV is function of the inverter

transconductance Gm and output conductance Go, which

are respectively function of the PMOS and NMOS tran-

sistors gate-drain small signal transconductance gmg and

drain conductance gmd, accordingly to the UICM model.

Finally, these small signal parameters are function of the

slope factor n, the thermal voltage /t and the Early voltage

VA.

(a) (b)

Fig. 1 CMOS push–pull pair
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Vo ¼AV VQ � Vinð Þ þ VQ ð2aÞ

Gm ¼gmgP þ gmgN ¼ IQ

/t

1

nP
þ 1

nN

� �
� 2IQ

n/t

ð2bÞ

Go ¼gmdP þ gmdN ¼ IQ
1

VAP

þ 1

VAN

� �
ð2cÞ

AV ¼GmRo ¼
Gm

Go

� 1

n/t
1

VAP

þ 1
VAN

� � ð2dÞ

The quiescent output voltage VQ can be controlled by

body biasing, since VQ varies almost proportionally with

the bulk terminal voltages Vbp and Vbn, as shown by (3).

Fig. 2(a) and (b) shows the circuits used to extract VQ and

the initial quiescent voltage VQ0. Considering operation in

weak inversion, the initial quiescent voltage VQ0 is defined

by (3b), obtained for Vin ¼ Vout ¼ Vbp ¼ Vbn, as derived in

[6]. Also, as inferred from (3b), VQ0 is sensitive to process

and temperature variations.

VQ �VQ0 þ
Gmb

Gm þ Go

VQ0 �
Vbp þ Vbn

2

� �

�VQ0 þ ðn� 1Þ VQ0 �
Vbp þ Vbn

2

� � ð3aÞ

VQ0 �
VDD

2
þ VTP þ VTN

2n
� /t

2
ln

ISP
ISN

� �
ð3bÞ

2.2 Voltage gain enhancement

Since the traditional cascode amplifier configuration must

be avoided in order to improve output voltage signal swing,

another technique must be used to improve gain. Rectan-

gular transistor arrays [5] are equivalent to a single tran-

sistor with a large output impedance, which improves gain.

The rectangular array, shown in Fig. 3(a), is a m by n

matrix of single transistors composed by m parallel col-

umns of n series single transistors. The rectangular equiv-

alent transistor aspect ratio Seq�R is a function of the single

transistor aspect ratio Su, as shown in (4). The rectangular

array total gate area AR ¼ ðmnÞAu, where Au is the single

transistor area.

Seq�R ¼ Weq

Leq
¼ mWu

nLu
¼ m

n
Su ð4Þ

The trapezoidal array, shown in Fig. 3(b), is composed by

two separate arrays ND, composed of m parallel single

transistors, and NS, composed of n series single transistors.

The trapezoidal equivalent transistor aspect ratio Seq�T is a

function of the single transistor aspect ratio Su, as shown in

(5). The trapezoidal array total gate area AT ¼ ðmþ nÞAu.

Seq�T ¼ Weq

Leq
¼ mWu

ð1þ mnÞLu
¼ m

1þ mn
Su ð5Þ

(a) (b)

Fig. 2 Quiescent voltage extraction circuits

(a)

(b)

Fig. 3 Transistor arrays
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Previous works [2, 4] used rectangular transistor arrays.

The trapezoidal array configuration will be used in this

work instead, since it is more area efficient.

2.3 Push–pull biasing

Both push–pull quiescent voltage and current are sensitive

to process, supply voltage and temperature variations, as

previously mentioned. Adaptive body biasing circuits

[3, 9, 12, 13] can be used to correct those unwanted vari-

ations by using the transistor body-bias effect. However,

forward-body-biasing is limited to small voltages, usually

lower than 0.5 V, in order to prevent latch-up and excess

power consumption.

The circuit shown in Fig. 4(a) is a simplified and

inherently stable version of the circuit proposed in [3]. The

circuit shown in Fig. 4(b) is a improved version of the

previous circuit which use of trapezoidal arrays for gain

enhancement (N1A;B and P1A;B are arrays of parallel tran-

sistors, as illustrated in Fig. 3(b)) and the protection tran-

sistors P2 and N2 in diode configuration. Those protection

transistors limit the bulk current as they work as a very

large resistance between the push–pull output and transis-

tor bulk terminals.

The circuit show in Fig. 5 is a transistor based voltage

divider which outputs a reference voltage VREF equal to

half supply voltage VDD, since P1A and P1B are identical. A

tie-low circuit is used to avoid connecting the PMOS gate

terminal to ground, which would cause antenna layout rule

violations.

The previous biasing circuit can only correct push–pull

quiescent voltage VQ process variations. In order to also

correct the push pull quiescent current IQ process varia-

tions, the biasing circuit depicted in Fig. 6 is proposed.

This circuit is a variation of the former biasing circuit using

the same principle of the constant transconductance self

biased current reference from [11]. This circuit outputs a

constant quiescent current by forcing Vx ¼ Vy.

Considering a desired IQ, VQ0 must be equal to VREF at

the initial supply voltage VDD0, the resistance RREF must be

equal to Vx0=IQ0, as extracted from the circuit shown in

Fig. 7. This circuit is a variation of the initial quiescent

voltage extractor shown in Fig. 2(b), which is also used in

[6].

3 Push–pull based OTA topologies

Push–pull based amplifier topologies are well suited to low

supply voltages since the push–pull pair has only two

stacked transistors. In comparison with the common source
(a)

(b)

Fig. 4 VQ only biasing circuit

Fig. 5 Voltage reference

Fig. 6 Push–pull VQ and IQ biasing
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amplifier with active load with similar dimensions and

biasing, the push–pull pair has a higher transconductance

Gm and voltage gain AV . However, since both NMOS and

PMOS gate terminals are used as input signal terminals,

common mode rejection must be performed by additional

circuits.

Nauta [7] proposed a push–pull based pseudo differen-

tial transconductor, shown in Fig. 8(a), which employs an

attenuated positive feedback loop to improve common

mode rejection. Another push–pull based pseudo differen-

tial transconductor was proposed by Vieru [9], shown in

Fig. 8(b), which employs a common mode feedforward

cancellation path for common mode rejection instead.

The transistor body effect can be used to both define the

differential OTA common mode output voltage and

transconductance [12], but also could be used for common

mode rejection, as shown in Fig. 9. This OTA is a variation

of the Nauta OTA which replaces the discrete inverters in

the positive feedback loop and attenuators with a self bulk

biasing circuit. This circuit is very power efficient, since it

does not use the extra inverter cells. However, since the

push–pull bulk transconductance Gmb is a fraction of its

gate transconductance Gm, common mode rejection is very

limited. Also, adaptive body biasing cannot be used to

define VQ or IQ.

Figure 10 is an improved version of this OTA using the

same techniques from the biasing circuit shown in

Fig. 4(b). This OTA uses trapezoidal arrays to enhance DC

voltage gain and the transistors P2A�B and N2A�B as

pseudo-resistors to allow this circuit to operate with higher

supply voltages.

Fig. 7 Push–pull forward-body-

biasing

(a)

(b)

Fig. 8 Push pull based OTAs

(a)

(b)

Fig. 9 Proposed bulk Nauta OTA
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In order to further improve common mode rejection and

use adaptive body biasing, a hybrid Vieru-Nauta OTA is

proposed. This circuit, shown in Fig. 11, replaces the

inverters connected to the Vieru OTA output terminals

with the previously proposed Bulk Nauta OTA variation.

The common mode output voltage is defined by biasing the

feedforward cancellation path inverters. The biasing cir-

cuit, shown in Fig. 12, is more complex than just biasing

all inverters with the same voltages with the previous

biasing circuit shown in Fig. 4. This biasing circuit corrects

the OTA common mode output voltage by biasing the

feedforward inverters, since the output inverter cells of the

Vieru OTA topology are replaced by the Bulk Nauta OTA

and its bulk terminals are already used to improve common

mode signals.

Considering that the previous OTAs use as building

block the same push–pull pair, their small signal parame-

ters can be approximately described by the push–pull small

signal parameters (Gm, Go, Gmb, IQ, AV ), as shown in

Fig. 13. Table 1 shows their performance comparison

based in the inverter factors A and B, which are the number

of identical parallel push–pull pairs in each inverter.

Considering that they are identically biased and A is the

same for every OTA, they are expected to show the same

transconductance. Nauta and Vieru OTAs have almost

identical characteristics. However, the Vieru OTA has a

larger total current consumption. The proposed Nauta OTA

variation has a larger differential voltage gain and less total

current consumption, however, it has a common mode

voltage gain greater than one. The proposed Hybrid Vieru–

Fig. 10 Proposed improved bulk Nauta OTA Fig. 11 Proposed hybrid Vieru-Bulk Nauta OTA

Fig. 12 Hybrid Vieru-Bulk Nauta OTA biasing circuit
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Nauta OTA uses as much total current as the Vieru OTA

and has a very low common mode voltage gain.

4 Simulation and measurement results

4.1 CMOS inverter transistor array
configurations

In order to compare the rectangular and trapezoidal tran-

sistor array configurations, several inverter cells were

designed for a 180 nm CMOS process and simulated at

27�C with a 500 mV power supply. All inverter cells were

designed using the same base single transistors, with a

PMOS transistor with a 3lm width and 0:5lm length with

a NMOS transistor with a 1lm width and 0:5lm length.

Additionally, all transistor arrays have the same gate area.

Table 2 shows the result of mismatch only 1000 Monte

Carlo simulations of inverter cells composed by rectangu-

lar (R m : n) and trapezoidal arrays (T m : n). The first

conclusion is that the inverter quiescent current IQ is pro-

portional to equivalent aspect ratio Seq. The second con-

clusion is that the rectangular arrays have a greater gate

area than the single transistor and the quiescent current IQ

and voltage VQ variance per average ratio l=r decreases

accordingly. The trapezoidal array T 8:1 has a greater gate

area than the single transistor, yet, they exhibit approxi-

mately the same mismatch. The transistor array T 4:5

mismatch is between the single transistor and the rectan-

gular arrays. Although they use the same area, the trape-

zoidal inverters shows a much higher voltage gain than the

rectangular ones.

Figure 14 (a) and (b) shows the rectangular (R) and

trapezoidal (T) inverter cells DC transfer functions. It can

be noticed that transistor arrays do not reduce output

voltage swing.

4.2 Push–pull biasing

Three biasing circuits were designed: the VQ0 and IQ0
extractor shown in Fig. 7, the VQ Biasing Only circuit

shown in Fig. 4 and the VQ and IQ biasing circuit shown in

Fig. 6. Transistor dimensions are shown in Table 3.

Figure 15 shows the output of simulated voltages and

currents from the biasing circuit depicted in Fig. 4. As

shown in Fig. 15(a), the PMOS and NMOS transistors

bulk-source diodes are forward biased, as the body terminal

voltages Vbp and Vbn show, while the quiescent voltage VQ

follows the reference voltage VREF , which is half of the

supply voltage VDD. Yet, the current through the bulk ter-

minal IB of the transistor N0 is orders of magnitude less

than the quiescent current of IQ, as shown in Fig. 15(b),

even for the process technology nominal supply voltage of

1.8 V.

Figure 16 shows the biasing voltages and output current

of the VQ and IQ biasing circuit. As can be seen in

Fig. 16(a), the bulk biasing voltages Vbp and Vbn cross each

other at a supply voltage about 600 mV, as they were

designed. The output quiescent current is stable at supply

voltages from 500 mV too 750 mV at typical process

parameters and room temperature.

Figure 17 shows the biasing circuits temperature

dependence. As expected, the non-biasing and VQ biasing

only circuits outputs almost exponential quiescent currents

with temperature at a 600 mV supply voltage. The VQ and

IQ biasing circuit outputs a PTAT quiescent current with an

almost constant temperature coefficient.

Table 4 shows the results of the biasing circuits monte

carlo simulations. Quiescent voltage VQ biasing is mostly

limited by mismatch while IQ biasing is mostly limited by

process variability, more exactly by the reference transistor

process variability. Quiescent current IQ variance is still

less than half of the non biased circuits, including mis-

match and process variability. Better results could be

(a)

(b)

(c)

(d)

Fig. 13 Small signal diagrams
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achieved with circuit calibration or an off-chip reference

resistor.

4.3 OTA topologies

For proof of concept, four OTAs were designed for a

180 nm CMOS process, as examples of the push–pull

based OTA topologies: Nauta, Vieru, proposed Bulk Nauta

variation and Vieru–Nauta Hybrid. Transistor geometries

(a)

(b)

Fig. 14 CMOS inverter DC transfer functions

Table 3 Biasing circuit transistor dimensions

P0 N0 P1 N1 P2 N2

m 8 8 64 64 8 8

W (lm) 3.0 1.0 3.0 1.0 3.0 1.0

L (lm) 0.5 0.5 0.5 0.5 0.5 0.5

(a)

(b)

Fig. 15 VQ biasing circuit

Table 1 OTA comparison
Nauta Vieru B. Nauta Hybrid

Tranconductance (Gm) 2A 2A 2A 2A

Total current (IQ) 8A 8Aþ 4B 4A 8Aþ 4B

Diff. voltage gain (AV ) 0.5 0.5 1.0 0.5

C. M. voltage gain Gm

GmþGo
� 1 GmGo

ðGmþGoÞGo
� 1 Gm

GmbþGo
� 1

n�1
GmGo

ðGmþGoÞðGmbþGoÞ �
1

ðn�1ÞAV

Table 2 Inverter comparison
Seq IQ VQ AV

Su l ðIQu ¼ 2:67nAÞ r=l ð%Þ l ðVQu ¼ 245mV) r=l ð%Þ l ðAVu ¼ 118 V/V)

R 1 : 1 1.00 1.00 6.64 1.00 0.96 1.00

R 9 : 1 9.00 8.98 2.24 1.00 0.32 1.00

R 1 : 9 0.11 0.12 2.23 1.00 0.32 6.11

R 3 : 3 1.00 1.08 2.22 1.00 0.93 2.58

T 8 : 1 0.89 0.92 6.23 1.00 0.92 11.9

T 4 : 5 0.19 0.21 2.89 1.00 0.40 14.0
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for the designed amplifiers are detailed in Table 5. The

inverter factors A and B are equal to 2 for every OTA. All

OTAs were simulated at 27�C with a 500 mV power

supply and typical process parameters.

4.4 Simulation results

Figure 19(a) and (b) show the DC transfer functions for

differential and common mode signals respectively using

the testbench shown in Fig. 18(a). Vieru and the Vieru-

Bulk Nauta Hybrid show almost equal differential transfer

functions, as expected. The Bulk Nauta OTA also shows a

greater DC voltage gain. The Nauta OTA, although it has

the same small signal differential voltage gain, has a

decreased signal output voltage swing. Also, Nauta and

Vieru OTAs have identical common mode transfer func-

tions. The Bulk-Nauta OTA has a DC common mode

voltage gain greater than unity, as expected, since the slope

factor n is lower than two for this technology at the oper-

ation conditions. The Hybrid Vieru-Bulk Nauta OTA has a

common mode voltage gain less than unity, as it combines

the feedforward common mode cancellation from the Vieru

OTA topology and the common mode attenuation from the

Bulk Nauta OTA topology.

Figure 20 (a) and (b) show the open loop AC transfer

function for differential and common mode rejection rate

respectively. It was expected the same gain-bandwidth

product for identical inverters and the same A factor, but

body-biasing was different for each OTA. Although the

same biasing circuit was used for both Nauta and Vieru

(a)

(b)

Fig. 16 VQ þ IQ biasing circuit

Fig. 17 Biasing circuits temperature dependence

Table 4 Biasing circuit comparison

Mismatch Only Process Only Mismatch ? Process

l ðmVÞ r (mV) r=l ð%Þ l ðmVÞ r (mV) r=l ð%Þ l ðmVÞ r (mV) r=lð%Þ

VQ VQ0 306 0.02 0.01 306 6.65 2.18 306 6.70 2.19

VQ Biasing 300 1.41 0.47 300 0.01 0.00 300 1.57 0.52

VQ and IQ Biasing 300 1.60 0.53 300 0.02 0.01 300 1.74 0.58

Mismatch Only Process Only Mismatch ? Process

l ðnAÞ r (nA) r=lð%Þ l ðnAÞ r (nA) r=lð%Þ l ðnAÞ r (nA) r=lð%Þ

IQ IQ0 500 14.0 2.85 500 113 22.65 500 115 23

VQ Biasing 481 12.8 2.67 481 112 23.3 481 115 24.0

VQ and IQ Biasing 481 36.9 7.64 481 25.3 5.26 481 46.0 9.51

Analog Integrated Circuits and Signal Processing

123



OTAs, Vieru OTA has a larger area and, consequently, a

larger forward biased diode between the source and bulk

transistor terminals.

Figure 21 (a) and (b) show the transient differential

response of Nauta, Vieru, Bulk Nauta and Hybrid Vieru-

Bulk Nauta OTAs in a closed loop configuration as the one

used in the testbench 18c. A 1 kHz 400 mV peak-to-peak

input signal and 10 MOhm resistors were used. It can be

shown, as expected from their respective DC differential

transfer functions, that the Vieru OTA has a better output

swing range. The Bulk Nauta and Hybrid Vieru-Bulk

Nauta OTAs have a similar output response to the Vieru

OTA, as they have similar DC transfer functions, as shown

in Fig. 19(a).

(a)

(b)

(c)

(d)

Fig. 18 Testbench diagrams

(a)

(b)

Fig. 19 DC transfer functions

Table 5 Inverter Transistor dimensions

P0 N0 P1 N1 P2 N2

m 2 2 16 16 2 2

W (lm) 3.0 1.0 3.0 1.0 3.0 1.0

L (lm) 0.5 0.5 0.5 0.5 0.5 0.5

(a)

(b)

Fig. 20 AC Transfer Functions
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4.5 Measured results

A prototype of the Hybrid Vieru-Bulk Nauta OTA was

fabricated using the TSMC 0.18u MS/RF technology.

Figure 22 shows the fabricated chip micrograph with a

layout overlay. The OTA and its respective biasing circuit

use a total area of 27300lm2ð210lmX130lm), and half of

it is used for the OTA, as shown in Fig. 23.

Figure 24(a) and (b) show the open loop DC transfer

functions for differential and common mode signals

respectively for a 500 mV supply voltage. As it can be

seen, there is a large output offset voltage which varies

with the common mode input voltage. The maximum

measured DC differential output gain is about 52 dB,

which is lower than expected from simulation results. The

output voltage range is also reduced.

Figures 25(a) and (b) show the open loop DC transfer

functions for differential and common mode signals

respectively for supply voltages ranging from 300 mV to

1 V in 100 mV steps. The differential input transfer func-

tion, shown in Fig. 25(a), shows the inverting output only.

The common mode input transfer function, shown in

Fig. 25(b), shows average of the non-inverting and

inverting outputs. As can be noticed, for supply voltages

greater than 500 mV, the output signal swing is degraded

(a)

(b)

Fig. 21 Transient simulations

Fig. 22 Fabricated chip micrograph with layout overlay

Fig. 23 Hybrid Vieru–Nauta OTA layout

(a)

(b)

Fig. 24 Measured hybrid OTA open loop DC transfer functions
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and never reaches full output swing, due to the parasitic

current to substrate introduced by the Bulk Nauta OTA

configuration. However, the output swing is still close to

the voltage supply rails, the voltage gain is not consider-

ably degraded and the output common mode voltage gain is

still lower than unity.

Figure 26(a), (b) and (c) show the measured differential

output current, differential output transconductance and

normalized output transconductance error results respec-

tively. Since there is no quiescent current biasing for the

fabricated Hybrid Vieru-Bulk Nauta OTA, the output

transconductance increases as the supply voltage increases.

Also, the linearity greatly improves with voltage supply, as

the the transistors operates in higher inversion levels.

Table 6 summarizes the fabricated OTA measurements

results. As can be seem, the differential voltage gain keeps

almost constant for supply voltages greater than 500 mV.

Below 400 mV, the differential voltage gain is greatly

reduced, as the reverse transistor current is considerable

and the transistor start to operate in the linear region and

the trapezoidal transistor association output impedance

improvement technique is no longer useful. The total cur-

rent, including the biasing circuit was also measured as

they shared the same voltage supply pin.

Figure 27 shows the measured output of the Hybrid

Nauta OTA with a single 400 mV peak-to-peak square-

wave input using the testbench from Fig. 18(d). This fig-

ure shows only the OTA negative output, which is about

half the amplitude of the input signal. The differential

output, however, is about the same of the differential input

signal, considering that the negative input is held at a

constant voltage of VDD=2.

(a)

(b)

Fig. 25 Measured hybrid OTA open loop DC transfer functions

(a)

(b)

(c)

Fig. 26 Measured hybrid OTA transconductance

Table 6 Hybrid Vieru–Nauta OTA Measurement Results Summary

VDD AV ACM Gm IDD
(V) (dB) (dB) (lA/V) (lA)

0.3 36 �24 0.27 0.05

0.4 46 �40 1.82 0.33

0.5 52 �21 11.26 2.09

0.6 53 �18 54.79 11.22

0.7 52 �30 173.99 42.26

0.8 54 �33 390.08 127.68

0.9 52 �54 658.73 278.82

1.0 49 �22 953.46 507.71
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4.6 Performance comparison

The performance achieved by the designed amplifiers and

state-of-art counterparts is summarized in Table 7.

Amplifiers [3, 10] and [12] are differential amplifiers with

positive feedback for voltage gain enhancement. OTAs [9]

and [12] are Vieru and Nauta OTAs respectively and they

were designed for different processes with transistor

parameters and geometries. For this reason, direct com-

parisons of those OTAs are impossible.

The original Vieru OTA [10] has a Figure of Merit for

power efficiency much higher than its version simulated in

this work. It has a different voltage gain from CMRR. Also,

it uses positive feedback increase voltage gain. The Bulk

Nauta OTA is the most efficient of the presented OTAs, but

the higher efficiency is a trade-off with CMRR and current

consumption and output common mode biasing. The

Hybrid Vieru-B. Nauta OTA is as efficient as the simulated

Vieru OTA and has a increased CMRR.

The OTA proposed in [3] uses two-gain stages and

positive-feedback and its measured voltage gain is 10 dB

greater than the proposed Hybrid OTA. Both use a similar

area. Although they are equally efficient, the proposed

OTA gain-bandwidth-product is three orders of magnitude

lower.

The Nauta OTA proposed in [12] is a single-stage OTA

with positive feedback to increase voltage gain. The Nauta

OTA proposed in [1] is a single-stage OTA with rectan-

gular arrays to increase gain. This work Nauta OTA has a

much larger voltage gain using trapezoidal arrays alone,

but it was designed for a different process and its voltage

supply is twice as high than the one presented in [1].

5 Conclusion

Push–pull based amplifiers are very efficient and their

common mode output voltage and quiescent current can be

made more tolerant to process variability by using adaptive

body-biasing. The proposed biasing circuits enabled for-

ward-body-biasing for supply voltages above the ultra-low-

voltage range up to nominal supply voltages by using

pseudo-resistors to limit parasitic bulk current.

Rectangular and trapezoidal arrays can be used to

improve voltage gain. CMOS inverters composed by

trapezoidal arrays have a higher voltage gain per area ratio

than rectangular array ones, however, they are more sen-

sitive to mismatch.

Common mode rejection for differential amplifiers can

be achieved by positive feedback, as in the Nauta OTA, or

common mode feedforward, as in the Vieru OTA. The

Nauta OTA is more power efficient than the equivalent

Fig. 27 Closed loop buffer OTA configuration transient measurement

Table 7 Performance

Comparison
[3]* [10] [12] [1]* This work

OTA topology Other Vieru Nauta Nauta Nauta Vieru B. Nauta Hybrid

Process (nm) 180 180 130 130 180 180 180 180

VDD (V) 0.5 0.6 0.5 0.25 0.5 0.5 0.5 0.5

DC Gain (dB) 62 64 37 25 60 60 64 58/52*

CMRR (dB) 75 31 31 43 60 60 54 108/73*

PSRR (dB) 82 - 90 47 60 61 51 64

GBW (MHz) 10.0 8.1 530 0.0072 0.07 0.06 0.10 0.10

Current (lA) 150.00 37.42 0.12 0.22 0.36 0.45 0.27 0.75

Load (pF) 20 10 - 30 10 10 10 10

PM (�) 60 90 90 90 90 90 90 90

Power (lW) 75 22.45 - 0.055 0.18 0.23 0.14 0.38

FoM** 133 216 - 98 194 133 370 133

Area (mm x mm) 0.017 - - 0.052 - - - 0.014

* Measured results, ** FoM ¼ 100� UGBW � CL=I
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Vieru OTA using the same CMOS inverter cells, while

designed to have the same differential and common mode

voltage gain. However, the Vieru OTA has a larger output

voltage excursion.

The proposed Bulk Nauta OTA use forward-body-bi-

asing to implement common mode rejection, achieving a

higher power efficiency than a similar Nauta OTA, at the

cost of CMRR and biasing options. The proposed Hybrid

Vieru-Bulk Nauta OTA further enhance common mode

rejection of the Vieru OTA at the cost of more area usage

and more complex biasing circuits.
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