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A 0.6-V 11-uW PVT tolerant DTMOS inverter
based OTA

Mesut Atasoyu

Abstract—This paper presents the design of a process-voltage-
temperature (PVT) variation tolerant inverter-based operational
transconductance amplifier (OTA) employing both a dynamic
threshold MOS (DTMOS) technique and a constant voltage
biasing (CVB) scheme. The proposed inverter-based OTA offers a
higher bandwidth due to implemented DTMOS technique, which
realizes higher input transconductance value than a conventional
inverter-based OTA design. Simulation results show that the pro-
posed OTA achieves superior slow-slow (SS) corner performance
under PVT variations than the conventional inverter-based OTA
while consuming only 11-muW and providing a figure of merit
(FoM) of 7.0-MHz.pF/muA. As a result, DC gain and unity-gain
bandwidth (UGBW) of the proposed OTA improve by 27% and
32% at SS corner under the PVT variations, respectively.

Index Terms—DTMOS, inverter based OTA, PVT tolerant.

I. INTRODUCTION

Mobile devices demand low-power analog to digital con-
verter (ADC) techniques, and continuous-time (CT) circuit
techniques are exploited due to low-power constraint rather
than discrete-time [1, 2]. Continuous-time analog-to-digital
converters (CT-ADCs) should have high linearity on a low
supply voltage [1]. Integrators are the main block in CT-
ADCs, and an operational transconductance amplifier (OTA) in
integrators is a power-hungry unit. Inverter-based OTAs offer
higher power efficiency than conventional OTA amplifiers
due to their bias current reuse mechanism. Recently, low
power capable inverter-based OTAs have been reported [1—
4]. Inverter-based OTA functioning in the sub-threshold region
(digital-like amplifier) [4] is to be used in the second and third
integrators of CT-ADCs [1]. However, inverter-based OTAs
are vulnerable to process, voltage, and temperature (PVT)
variations, which degrade CT-ADC performance [3, 5]. On
the other hand, sufficient DC gain of inverter-based OTA at
lower supply voltage is remaining a problem [4, 6].

It is important to say that proper biasing of inverter-based
OTAs is a difficult task under PVT variations. Previous PVT
compensation techniques in [3], have mitigated PVT variations
with auto RC tuning and constant g, current source circuitry.
In [6] using variable current sources at the output stage by con-
trolling common-mode voltage. In [7], a low-dropout voltage
regulator controls the supply voltage. In [8], the main inverter
amplifier PVT compensation was realized by controlling the
bulk voltage of the inverter gate amplifier.
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This work proposes the PVT tolerant inverter-based OTA
using the constant biasing voltage (CVB) mechanism, com-
posed of a current source with a diode-connected MOS device.
On the other hand, in this bias method, the drain and source
voltage (V pg) of inverter gate transistors are clamped to a con-
stant voltage. Furthermore, the unity-gain bandwidth (UGBW)
of the proposed OTA is improved with the dynamic threshold
MOS technique (DTMOS) [9], thus sub-threshold DTMOS
provides additional g,,;, improves the current drivability of
the MOS device [10].

This paper is organized in the following manner. Section
IT explains the principle and circuit implementation of the
PVT invariant inverter-based OTA. Section III reports the
performance results of the inverter-based OTAs presented in
detail. Section IV concludes final discussions on the proposed
OTA design.

II. CIRCUIT IMPLEMENTATION

The OTAs in this work are biased in the weak inversion
region. The DTMOS technique is implemented in a triple-well
process. An NMOS bulk is connected to a p-weel by adding a
deep n-well layer in a triple-well process. In the conventional
CMOS process, an NMOS transistor gate and bulk can not
connect to each other due to short circuit concerns. However,
the designing of a PMOS transistor is the same for these two
processes. The DTMOS technique on the design of an inverter-
based OTA increases the input transconductance of the OTA
due to bulk transconductance value g,,;. Moreover, the DC-
gain performance of inverter-based OTA is enhanced due to
increased drain current drivability of the input transistors of
the inverter-based OTA as the DTMOS technique modulates
threshold voltages (Vi) of these transistors.
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Fig. 1: The symbols of DTMOS transistors.
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Fig. 1 shows the symbols of DTMOS transistors. Fig. 1a and
Fig. 1b is the symbol of DTMOS NMOS, and DTMOS PMOS
transistors, respectively. Fig. 1c is the cross-coupled DTMOS
(CDTMOS) symbol for NMOS and PMOS transistors in the
same way, but an NMOS CDTMOS symbol is shown in
this figure. The DTMOS operated in subthreshold region can
provide 16% more input transconductance [11] as given below
equation:

Imb = (TL - 1)2 *Im (1

where n is the subthreshold slope factor and taken as a
value of ~ 1.4 [11]. In this case, the input transconductance
improves 32 % due to the input stage of the inverter-based
OTA composed of an NMOS and PMOS transistor. In this
work, the current starved inverter-based OTAs were simu-
lated in 65nm CMOS technology, and their schemes were
shown in Fig. 2 and Fig. 3. Fig. 2a shows the schematic
of the conventional inverter-based OTA, two inverter gates
combined of My_j5 transistors consist of the differential input
and output stage, the biasing circuity is consists of Mg ; and
Mg, transistors, and the common-mode feedback (CMFB)
circuity is consists of Mg_1¢o. Fig. 3a shows the schematic
of the proposed OTA, two inverter gates combined of My_5
transistors consist of the differential input and output stage,
the biasing circuity is consists of My ; and Mg 7 transistors,
and the common-mode feedback (CMFB) circuity is consists
of Mg 9.10. The CVB biasing scheme is consists of Mc1_c4.
Fig. 2b and in Fig. 3b illustrate the small-signal equivalent
circuits of the inverter-based OTAs used for the differential
gain calculations of the conventional and proposed inverter-
based OTAs. The differential AC gain formulas was given in
the below equations, assuming g,, * r, > 1:

GrM [conv] = 9m2 + Gma (2)
RO [conv] = (gm2 * Tog * 27"01)
(3)
//(gma * 704)
GM[proposed] = gm2 + gmb2 + gma + Gmba “4)
RO [proposed] — (ng * T2 * 27’01)
//(gcl * Jm4 * Tol * 7'04)
AV,differential[Conv7proposcd] = -G * Ro )

The following equations for UGBW calculations of the con-
ventional inverter-based OTA and proposed OTA are:

UGBW[conv] = (gm2 + gm4)/CL (6)
UGBW[proposed] = (gm2 + gmb2 + Gma + gmb4)/CL (N

In the voltage transfer characteristic of an inverter gate, the
switching threshold voltage (V) is the value of a point
where input and output voltage are equal. In the ideal case, the
desired value of Vg, is (Vpp=0.6V)/2. At this value, the noise
margin is maximized [12]. On the other hand, the value of
Vsw at Vpp/2 may be degraded due to process variations. To
ensure Vg, voltage stability, common-mode feedback (CMFB)
structure adopted from [13] is necessary to control the output
common-mode voltage value at (Vpp=0.6V)/2. Transistors of
CMFB circuitry are Mg 1o transistors operated in the triode

VDD

|
M°I

DD
6

gV
- Is>
|
I

'\f[:”—ch

_ 1T
Vin <TZ§\Q<T>&0$\Q§ Fo2
+ lout
—— ——e
+ S
U
&
Vo 3 2,
- i

(b)

Fig. 2: (a)The schematic of the conventional inverter based
OTA and (b)corresponding differential-mode small signal
equivalent model of (a).

region, and Mg transistor, driven by Vs voltage source has
a value of Vpp/2.

All transistor channel lengths are 1.33pm to provide suf-
ficient intrinsic gain, except for M3 device, which has a
value of L=10um. All gate widths of transistors were sized
using g,,/I D methodology with drain current normalization
coefficients (I7)) of 65nm PMOS and NMOS transistors where
were taken from [14]. I}, was extracted experimentally in the
65-nm CMOS process for NMOS the value of 0.49-puA and
PMOS the value of 0.15-uA [14]. The inversion coefficient
(IC) is a transistor sizing parameter, experimental values of
IC for NMOS and PMOS transistors in this work obtained
from [14]:

Ip

IC = —
Y

(®)
where Ip is drain current, W is the gate width of a MOS
transistor, and L is the channel length of a MOS transistor. IC
levels for different operating regions of MOS transistors: IC
values < 0.1 correspond to the sub-threshold region, values
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Fig. 3: (a)The schematic of the proposed inverter-based OTA
and (b)corresponding differential-mode small-signal equiva-
lent model of (a).

of 0.1 < IC < 10 correspond to the linear region, IC values >
10 correspond to the saturation region. A transistor can operate
in weak inversion, where IC values are less than 0.1. The IC
value is 0.05 for the NMOS transistor sizing in this work. The
corresponding value of an NMOS transistor current density
(Ip/W) is 0.033 determined from Fig. 4. W value of an
NMOS transistor calculates from the following equation:

_ Ibias
In/W

€))

where Ip;,s is an applied biasing current. The CVB biasing
scheme or the clamped V pg biasing scheme is dedicated to the
PVT compensation of the proposed OTA. The CVB scheme
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Fig. 4: The schematics of the inverter based OTAs.

is composed of M3 diode-connected MOS device sized with
W=130nm and L=10um, the current source transistor Moy
was sized with W=1pm, and M¢1,¢2 voltage-clamp transistors
are sized with W=27um, as given in Table. L.

TABLE I: Transistor Sizes

Devices (W(um))
Mo 1 162
M 3 81
My 5 27

Mg 10 54

Mc1, oo 27
Mcs 0.13
Mcy 1

ITI. SIMULATION RESULTS

The inverter-based OTAs were implemented in 65-nm
CMOS technology. The simulated AC gain and the UGBW of
conventional and proposed amplifiers are 35.9-dB and 5.82-
MHz, 50.6-dB and 7-MHz, respectively. Regarding the phase
margin (PM), the conventional and proposed OTAs are 90.0°
and 85.7°, respectively, as given in Fig.5.

Figure 6 shows the transient analysis of the proposed OTA.
The proposed OTA was designed with a capacitive feedback
network, and the input signal was a square signal, which
has a step of 600mV,,, and period of 1uS, for the transient
simulations. As for the slew rate, the proposed OTA has better
performance of the slew rate over the conventional OTA.

To verify the effectiveness of the proposed inverter-based
OTA, the corner analysis in HSPICE was performed under
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Fig. 5: AC response of the proposed inverter-based OTA. Both the inverter-based OTAs including CMFB circuits are biased
with 10-pA current for 10-pF capacitive load under 0.6-V supply.
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Fig. 6: Transient analysis of the proposed inverter-based OTA.

PVT variations setting up slow-slow (SS) corner for -40° and
0.54-V, typical-typical (TT ) corner for 27° and 0.60-V, and
fast-fast (FF) corner for 80° and 0.66-V [6]. On the other hand,
especially in the SS process corner, an inverter-based OTA
performance highly deteriorates. As a comparison of SS corner
performance for the proposed OTA, the conventional OTA,
the conventional OTA with CVB (Conv + CVB), the only
DTMOS technique (DTMOS), the cross-coupled DTMOS
(CDTMOS) with CVB (CDTMOS + CVB), and the Class-
AB OTA [15] were performed. The proposed OTA has better
AC gain and better UGBW performance in the SS corner, as
shown in Table. II. The potential UGBW value which is highly
dependent on PVT variation in an inverter based OTA design,
[3]. As a result of the corner analysis under PVT variations,
the gain degradation (from TT corner to SS corner) of the
tested designs as follows: 34.6% for the Conv, 30.78% for the

Conv+CVB, 6.6% for the DTMOS, 12.6% for the proposed
(DTMOS+CVB), and 13.9% for the CDTMOS+CVB. The
UGBW degradation of the tested designs as follows: 87.7%
for the Conv, 87.16% for the Conv+CVB, 70.25% for the
DTMOS, 70% for the proposed (DTMOS+CVB), and 70.36%
for the CDTMOS+CVB. However, the proposed OTA has the
worse performance at the FF corner, as obtained result in [3].

Table. III summarizes the simulation results and provides
a comparison with state-of-the-art inverter-based OTAs. The
widely used one of the figures of merit (FoM) has been
calculated for the performance evaluation of OTAs in Table.
II:

FoM = UGBW % CL/Iyuppiy (10)

where 1,51, is the total current consumption. The proposed
OTA design achieves better FoM performance and as the FoM
value of 7.0 MHz.pF/uA.

IV. CONCLUSION

In this paper, an improved PVT inverter-based OTA design
was suggested. Compared to the conventional inverter-based
OTA, the proposed circuit shows better AC gain, UGBW, and
PVT tolerant design performances, thus having better FoM
performance while consuming almost the same power budget.
The proposed OTA operates in the sub-threshold region to
enable low supply voltage circuit operation at the lowest 0.6V.
The gain value of 50.6-dB, UGBW value of 7.0-MHz, and
providing the FoM of 7.0 MHz.pF/i1A. The proposed inverter-
based OTA design is one of the promising solutions for low

Copyright © BAJECE

ISSN: 2147-284X

https://dergipark.org.tr/bajece

227



BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING, Vol. 10, No. 2, April 2022

TABLE II: The OTA performances across different process corners under PVT variations.

Gain(dB),UGBW(MHz)

SS (0.54-V, -40° )

TT (0.6-V, 27°)

FF (0.66-V, 120°)

Conv (34.6, 0.68) (44.6, 5.3) (35.9, 5.82)
Conv+CVB (34.4, 0.67) 49.7, 5.22) (34.2, 5.52)
DTMOS 42.4, 2.13) (45.4, 7.16) (31.2, 6.59)
The proposed (DT- (44.2, 2.09) (50.6, 7.0) (28.9, 6.10)
MOS+CVB)

CDTMOS+CVB (41.4, 1.55) (48.1, 5.23) (26.5, 4.65)

Class-AB OTA [15]

(37.96, 0.064)

(43.96, 0.112)

(4355, 0.197)

TABLE III: Simulation performance results

sub-micron CMOS technology.

(1]

(2]

(3]

(4]

(5]

(6]

Parameter Conventional  ([5]) Proposed [15] [16] [17] [18]

Power supply(V) 0.6 0.6 0.6 0.6 1.0 1.0 0.6
Technology(pm) 0.65 0.18 0.65 0.13 0.18 0.13 0.18
Power consumption(uW) 10 48.65 11 1.8 50 15 0.18

Load capacitance (pF) 10 8 10 6 140 50 20
DC gain (dB) 389 41.93 50.6 43.86 78.6 587 754
Unity-gain bandwidth (MHz) 2.7 15.55 7.0 0.112 2.02 1043 0.074
Phase Margin(®) 90.0 88.06 85.7 88.8 854 788 78.86

Bias current(1A) 10 52 10 3.05 50 15 0.3

FoM ([17]) 53 2.39 7.0 0226 5.6 3477 495
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