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ABSTRACT For the design of inverter-based OTAs with differential input and single-ended output, the
differential to single-ended (D2S) converter is a key building block. In fact, the performance of the D2S
strongly affects the overall common-mode rejection ratio (CMRR) and input common-mode range (ICMR)
of the whole OTA. In recent literature, inverter-based OTAs rely on a D2S topology based on an inverter
driving another inverter with the input and output tight together which behaves as a ““diode” connected
device to implement a voltage gain approximately equal to —1. However, since this approach is based
on the matching of the inverters, the performance of this D2S results sensitive to PVT variations if the
bias point of the inverters is not properly stabilized. In this paper we present a novel topology of inverter-
based D2S converter, exploiting an auxiliary, standard-cell-based, error amplifier and a local feedback loop.
The proposed D2S, compared to the conventional one, exhibits higher CMRR, improved ICMR and better
robustness with respect to PVT variations. We present also an ULV, standard-cell-based OTA, which exploits

the proposed D2S converter and shows excellent performance figures of merit with low area footprint.

INDEX TERMS Standard-cell, ultra-low-voltage (ULV), inverter-based, fully synthesizable.

I. INTRODUCTION

The era of the Internet-of-Things (IoT) has paved the way
to a plenty of new trends in electronic and communication
fields, strongly motivating the whole researchers’ community
to rethink the way in which electronic circuits are designed
[11, [2]. The stringent requirements imposed by portable and
wearable devices have driven integrated circuits designers
to speed up the design time and to drastically reduce the
area usage to cut costs [2]. Furthermore, due to the fact that
many IoT circuits require energy harvested architectures [1],
[2], the design of Ultra-Low-Voltage (ULV) analog building
blocks suitable to operate with supply voltages as low as 0.3V,
is becoming more and more attractive.

The Operational Transconductance Amplifier (OTA) is
surely one of the most useful analog building blocks in elec-
tronic apparatuses, and stands out for its application in several
analog circuits such as filters, comparators, analog to digital
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converters (ADCs), digital to analog converters (DACs), low
dropout regulators (LDOs), and so on.

In this ultra-constrained scenario several high performance
OTAs which exploit body-driven gate-biased architectures
have been presented in the recent literature [3], [4], [5].
In detail, the usage of the body-driven approach has resulted
in a plenty of topologies which exhibit state-of-the-art perfor-
mances, both in terms of small signal and large signal figures
of merit, and good robustness with respect to process, supply
voltage and temperature (PVT) variations [3], [6], [7]. How-
ever, such OTAs have to be designed and routed manually
and very often result in huge area occupation, due to the fact
that separate wells are mandatory to implement body-driven
architectures.

On the other hand, several inverter-based OTAs have been
proposed in the literature. The Nauta transconductor has been
presented for the first time in 1992 [8] and it has been recently
exploited in [9] and [10] to implement fully differential OTAs
for high speed applications. However, it has to be noted that
most of the inverter-based implementations available in the
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literature, require custom-defined inverters to reach rea-
sonable performance under PVT and mismatch variations.
Custom inverters allow degrees of freedom which are
not guaranteed for inverter gates taken from standard-cell
libraries. In fact, it is very difficult to control the bias point
of standard-cell inverters and, as a result, the bandwidth,
the power consumption and the phase margin of standard-
cell-based OTAs, compared with other not fully standard-cell
based architectures, exhibit a greater sensitivity to PVT varia-
tions [11]. In order to address these issues, several techniques
to properly set node voltages have been proposed [7], and
in some cases an improvement in terms of robustness with
respect to PVT variations has been observed [11]. Another
advantage of custom-defined inverters is that their body ter-
minals are accessible and can be used to implement body-bias
strategies which allow to enhance the robustness of such
OTAs with respect to PVT variations. A further advantage
is that custom inverters can be optimized to center the design
point at a given power supply voltage and bias current. How-
ever, it has to be noted that the area of custom inverters is
typically much larger than the area of inverter gates taken
from standard-cell libraries whose area footprint is strongly
optimized by IC manufacturers.

With the aim of speeding up the design time and to
drastically reduce the area usage of analog building blocks,
researchers have recently focused on optimizing and refining
novel layout strategies, searching for a way to automate the
design flow of analog blocks by using some features, such
as the automatic place and route strategies for standard-cell-
based circuits, typically adopted in the digital design flow to
implement fully-synthesizable comparators [12], [13], [14],
[15], ADCs [16], [17], [18], [19], DACs [20], LDOs [21],
[22], [23] and OTAs [2], [24], [25], [26], [27].

Recently the digital (DIG) OTA, proposed in [28] has been
introduced as a novel approach to design OTAs with mini-
mum area and power consumption. In [25] a standard-cell
implementation of the digital OTA suitable for automatic
place and route has been proposed showing state-of-the-art
performance both in terms of area consumption and figures
of merit (FOMs). Though its promising performance, as out-
lined by authors, DIG-OTAs result sensitive to PVT and mis-
match variations and often require some sort of calibration or
supply-voltage-adjusting to work properly [25].

In the same context, other approaches exploit digital
standard-cells to mimic the behaviour of analog circuits.
In fact, the most common practice to design standard-cell-
based analog functions is to exploit the inverter gate, taken
from a standard-cell library, as a basic analog amplifier.
Focusing on the inverter-based implementation of OTAs
with differential input and single-ended output, the dif-
ferential to single-ended (D2S) converter plays a main
role [3], [11], [29]; indeed its performance directly affects
the overall common-mode rejection ratio (CMRR) and input
common-mode range (ICMR) of the whole OTA. In recent
literature [29], [30], inverter-based OTAs rely on a D2S topol-
ogy based on an inverter driving another inverter with the
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input and output tight together which behaves as a “diode”
connected device to implement a voltage gain approximately
equal to —1. However, since this approach is based on the
matching of the inverters, the performance of this D2S results
sensitive to PVT variations if the bias point of the inverters
is not properly stabilized. To overcome this issue, in [29] a
body-bias strategy to set the static output voltage and the bias
current of inverters has been proposed; however this approach
requires ad-hoc circuits whose supply voltage is larger than
the one of the ULV OTA. Recently a similar replica-bias
approach to set the output static voltage of the basic amplifier
cells has been presented in [31].

In this work we propose a novel topology of inverter-
based D2S converter which exploits a local feedback to
achieve higher CMRR and better robustness with respect
to the previously published inverter-based D2S. An ULV
standard-cell-based OTA which exploits the proposed D2S is
also presented, showing outstanding performance in terms of
performance figures of merit with limited area footprint.

In the following, section II reviews the previously pub-
lished inverter-based D2S converter and presents for the
first time a detailed analysis of its performances. The novel,
improved, inverter-based, D2S converter is introduced and
analyzed in section III. The design of an ULV, standard-
cell-based OTA exploiting the novel D2S converter is pre-
sented in section IV, and simulation results are discussed in
section V. Finally, a comparison against the state of the art of
ULV OTAs, and some conclusions are reported in sections VI
and VII respectively.

Il. REVIEW OF THE CONVENTIONAL INVERTER-BASED
D2S CONVERTER

In the context of analog design, the differential to
single-ended conversion is usually carried out in the first
stage of the OTA by means of the well known differential pair
with current mirror active load. The same kind of differential
to single-ended conversion is needed also in inverter-based
or standard-cell-based OTAs exhibiting a differential input
and a single-ended output. In recent research works dealing
with inverter-based analog circuits such as [6], [7], [11],
[29], [30], the differential to single-ended conversion is often
performed exploiting the circuit topology depicted in Fig. 1.
In the following we will refer to the circuit in Fig. 1 as the
“conventional inverter-based D2S” stage.

FIGURE 1. Conventional inverter-based D2S [29].

The conventional inverter-based D2S in Fig. 1 mimics the
behaviour of a pseudo-differential pair implemented by the
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FIGURE 2. Small-signal model of the generic inverter /J;.

inverters /1 and I}, with a current mirror active load which is
implemented by the inverters I, and Iy. In particular, since
I> has the input and output tight together, it behaves as a
“diode” connected device to mimic the input transistor of a
current mirror.

In order to gain insight into the behaviour of this D2S,
we express its performance by modelling the generic inverter
I; as a transconductance amplifier whose parameters are
described in Fig. 2.

In Fig. 2 g, denotes the overall transconductance gain
given by both the PMOS and NMOS transistors which com-
pose the inverter:

gmi = gmni + gmp[' (1)

and the same notation is used for the output conductance gy,
and the parasitic capacitances Cgq; and Cg,; of MOS transis-
tors as follows:

8ds; = gdsnl. + gdspl. (2)
Coa; = Cgd,, + Cga, 3
Cysi = Cgs,y, + Cs, “

Moreover, in the following, we denote with A, the intrinsic
voltage gain of the conventional inverter g, /g4s;-

A. FREQUENCY RESPONSE

With the above assumptions, the voltage gain frequency
response A, (s) of the conventional inverter-based D2S in
Fig. 1 can be expressed as follows:

Vo.as(8) Avpasy 1+ 571/2
AVDZS (S) = = (5)
Vip(s) = Vim(s) 1 +s7, 14579
where the dc gain AVDZSO is:
gml
Avpsy = ©)
"5 8ds; + 8ds,
and the time constants 7, and 1| are:
. Cr.p2s + Cgay + Ced,
’ 8ds, + 8ds,
ngzL + 2C sy T 2C d
&dsy t8ds 852 8a1
T = ds dsy (7)

8dsy + 8ds
As can be observed in eq. (5) the “diode” connection of
I, results in a pole-zero doublet very similar to the one which
appears in a traditional analog current mirror. Also in the
inverter-based D28, since the pole and the zero in eq. (5) are
one octave distant to each other, their effect on the overall
frequency response can be neglected.
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FIGURE 3. Conventional inverter-based current mirror.

B. ACCURACY OF THE CURRENT MIRROR
In order to estimate the current gain I, /I;; of the current
mirror used in the conventional inverter-based D2S, we refer
to the circuit configuration shown in Fig. 3, where the input
current flowing into the “diode” connected inverter />, is mir-
rored at the output of Iy and flows trough Z; .

Referring to Fig. 3 the input-output transfer characteristic
of the current mirror made up of /> and Ié for Z;, = 0 can be
easily computed as:

Lo i 1/gds2 )
Iin 1+ gm,/8ds,

8y ®)

Eq. (8) clearly shows that the current gain of the conventional
inverter-based current mirror tends to unity if the two follow-
ing conditions are fulfilled:

o 8my/8ds, > 1;

* 8my = Emy-
It is therefore evident that the conventional current mirror
exhibits a limited accuracy due to the relatively small value
of the intrinsic voltage gain of inverters in nanometer tech-
nologies. An additional effect that further limits the accuracy
of the conventional inverter-based current mirror is related
to the different static voltages across the two inverters I»
and I, that strongly affect the ability to achieve the second
condition: gn, = gm, - In fact, referring to Fig. 3, the output
of the inverter Ié in short circuit condition (i.e. Z; = 0)
is connected to the analog ground equal to Vpp/2, whereas
the static voltage at the input node of the current mirror is
dependent on inverters’ sizes and is sensitive to mismatches.
This effect is similar to the one present in a traditional analog
current mirror when the drain source voltages of the input and
output transistors of the mirror are not well matched to each
other.

C. COMMON-MODE REJECTION
The common-mode rejection ratio CMRR of the conventional
inverter-based D2S can be easily computed as follows:

8my

8ds; + 8ds,
From eq. (9) it is evident that the D2S in Fig. 1 exhibits a
limited CMRR, which in recent nanometer CMOS technolo-
gies is surely lower than 20dB even in typical conditions.
If transistor mismatches are taken into account, the CMRR
of this stage is further reduced to values which are often not
acceptable for high performance ULV OTAs.

CMRR = 9
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D. OFFSET IN UNITY GAIN CONFIGURATION

In order to account for the effect of mismatches on the
conventional inverter-based D2S configured as a unity gain
buffer (i.e. V, connected to V,, in Fig. 1), we model the
generic inverter /; as a transconductance amplifier whose out-
put short-circuit current (offset current) can be described as
a random variable with mean value u; and standard devia-
tion o;. Moreover, we assume that when the input of the D2S
in unity gain configuration is connected to the analog ground
(AGND = Vpp/2), the current offset can be described with a
normal distribution with mean value 0 and o; # 0. The block
scheme for computing the offset standard deviation o, of the
conventional inverter-based D2S in unity gain configuration
is reported in Fig. 4.

g;toy

_sz, % 1 OVo,p2s
Ref*) 'Gml ’( ) ) Gm2 o; Gm1’ >

FIGURE 4. Block scheme of the conventional inverter-based D2S for
computing the offset standard deviation oy.

0,407

According to the block scheme in Fig. 4, and noting that the
unity gain configuration for the D2S results in a “diode” con-
nection for the inverter 7/, the output current offset (whose
standard deviation is denoted as o7) at the node where V,
is connected to V), can be multiplied by the factor 1/g,,, to
compute the output voltage offset (whose standard deviation
is denoted as oy ), obtaining:

2 2 2 2
of + o o5 + 07,

2= 22+ 22 1 (10)

ng gml/

2

gm2/

v

2
8iny

ill. THE PROPOSED INVERTER-BASED D2S

In this section we introduce a novel, inverter-based, D2S
converter which exhibits much better CMRR and ICMR
than the conventional one, and allows to implement high
performance, ULV, standard-cell-based OTAs. The proposed
improved inverter-based D2S converter is depicted in Fig. 5.
The converter exhibits a symmetrical architecture and is made
up of inverters /1 > and / 1’ 2 which are identical to each other.
The output of the inverter [ is connected to the positive input
terminal of an auxiliary differential amplifier Ap, made up of
four inverters /3 4 and Igy 4 Which are also assummed identical
to each other. The output of the differential amplifier drives
the input of the inverters I, and I, whereas a reference voltage
(equal to AGND = Vpp/2) is applied to the negative input
terminal. The role of the auxiliary amplifier Ap is to boost
the CMRR of the conventional D2S converter described in the
previous subsection. Indeed, with respect to the conventional
D2S converter, the combination of /> and Ap alongside with
Ié acts as an improved current mirror, which, due its higher
accuracy, allows to improve the CMRR performance as will
be better detailed in the following.
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FIGURE 5. Novel inverter-based D2S converter proposed in this work.

A. IMPROVED ACCURACY OF THE CURRENT MIRROR

In order to estimate the current gain /I, /I;, of the improved
current mirror used in the proposed inverter-based D2S,
we consider the circuit configuration depicted in Fig. 6, where
the input current flows into a “‘super-diode” device (imple-
mented through the combination of I, and Ap), is mirrored at
the output of I and flows trough Z; .

¢]aut

FIGURE 6. Improved inverter-based current mirror exploited in the D2S
proposed in this work.

AGND

Referring to Fig. 6, the input-output transfer characteristic
of the improved current mirror can be written as:

I Ap
lour 8y
Iin - 1 gn12AD gmz/ (1 1)
gdxz
where:
Ap = _ 8m (12)
8ds3 + g dsy

In this case eq. (12) shows that the current gain of the pro-
posed improved inverter-based current mirror tends to unity
if the two following conditions are fulfilled:

o (gmz/gdsz) “Ap > 1;

o 8my = 8my
It is therefore evident that the proposed current mirror
exhibits an improved accuracy with respect to the conven-
tional one, due to the gain provided by the auxiliary differ-
ential amplifier. An additional important advantage of the
proposed improved current mirror which further improves
its accuracy with respect to the conventional inverter-based
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current mirror is related to the static voltages across the two
inverters /> and /] that have a strong impact on the possibility
to achieve the condition g, = gm,. In fact, referring to
Fig. 6, the output of the inverter ; in short circuit conditions
(i. e. Z;, = 0) is connected to AGND = Vpp/2, whereas
the static voltage at the input node of the current mirror is
forced to AGND, due to the feedback loop provided by the
auxiliary amplifier Ap. In fact, the auxiliary amplifier Ap
has its negative input terminal Vj,, connected to an explicit
reference voltage equal to V,,y = AGND = Vpp/2 which
represents the reference voltage of the loop. Thanks to the
action of the feedback loop the two inverters /> and I imple-
menting the current mirror operate with the same input and
output voltages, thus maximizing the accuracy of the current
mirroring. It is important to note that the feedback loop with
an explicit reference voltage sets the output of I> at AGND in
spite of PVT variations and mismatches, thus greatly improv-
ing the robustness of the proposed D2S with respect to the
conventional one. According to the above considerations the
proposed feedback loop enhances the precision of the current
mirror, even for large variations of the input common-mode
voltage. Indeed, when large common-mode variations occur,
the intrinsic gain of the inverters starts to decrease and as a
consequence the current mirror error starts to increase. How-
ever, the proposed circuit results in a lower current mirror
error due to the fact that also under large-signal conditions,
it holds:

812 20 s 8 (13)

dsy

Moreover, due to the benefits of the feedback, the bias point
of I> and I, is steadier with respect to the conventional D2S
converter, thus the open-loop gain denoted in eq. (13) remains
greater under input common-mode variations as we will bet-
ter show in the following.

B. FREQUENCY RESPONSE

Referring to the topology of the proposed improved D2S in
Fig. 5, and using the same model parameters described in
Fig. 2 and used in section II, the frequency response of the
differential gain can be written as:

T,
AVDZSO I+ 7A

A = 14
vo2s (5) 1451, 14+ 514 (14
where the dc gain A, is:
8
Avpos, = ;1 (15)
o

considering g, = g4s, + &ds, the time constants 74 and T,

are:
C C,
4. T, = —2 (16)
gmzAD 8o

TA =

where

8
CA = ng2 + ng3 ﬂ + Cg53;

my

Co = Cr.pas + Cgay + Coay (17
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and
_ 8ms
8dsy + 8dsy
As it can be observed form eq. (16), the feedback allows to
shift the pole-zero doublet to frequencies greater than the one
of conventional D2S (summarized in eq. (5)). Furthermore,
as done for eq. (5) we can neglect the effect of the pole-zero
doublet given by t4 and simplify the frequency response as
follows:

Ap (18)

_ AVDZSO
02T s,
Thus, as a first order approximation the proposed D2S

exhibits the same frequency response of the conventional
one.

A

(19)

C. COMMON-MODE REJECTION

The CMRR of the improved D2S can be easily derived as:
Emy

8ds, + &ds,

Therefore, by comparing eq. (9) with eq. (20), it is evident

that the proposed D2S converter exhibits a CMRR which is

higher than the one of the conventional D2S of the factor

8m
Ap ~ —2—.
D 8ds3 +8. dsy

CMRR = -Ap (20)

D. OFFSET IN UNITY GAIN CONFIGURATION

OVo,025

FIGURE 7. Block scheme of the proposed improved inverter-based D2S
for computing the offset standard deviation oy .

The block scheme for computing the offset standard devi-
ation o, of the proposed improved inverter-based D2S in
unity gain configuration is reported in Fig. 7. According to
the block scheme in Fig.7, and noting that the unity gain
configuration for the D2S results in a “diode” connection
for the inverter I/, the output current offset (whose standard
deviation is denoted as o7) at the node where V,, is connected
to V, can be multiplied by the factor ng, to compute the
output voltage offset (whose standard deviation is denoted as
oy ), obtaining:

2
2 0-12 + O-22 %Ap 022’ + 012’
o = + + (21)
Vo.p2s 2 2 2 2
: g;ﬂz 2 Smap, 8my o my
8iny M 84 Sy oMV

By comparing eq. (10) and eq. (21) it can be seen how
the proposed implementation significantly decrease the off-
set given by I,. However the offset of the differential auxil-
iary amplifier is added to the overall offset, thus resulting in
greater standard deviation with respect to conventional D2S
converter. Eq. (21) shows that there is a trade-off in designing
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o>

FIGURE 8. Proposed ULV, standard-cell-based OTA.

inverters I3 4 3 4; in fact if these inverters are sized with the
minimum area allowed by the standard-cell library the power
consumption and area are minimized at the cost of increased
offset standard deviation.

IV. STANDARD-CELL-BASED ULV HIGH PERFORMANCE
OTA EXPLOITING THE PROPOSED D2S

As an application of the novel D2S converter analyzed in
section III, we introduce a novel ULV, standard-cell-based
OTA, whose gate level schematic is reported in Fig. 8. As it
can be observed, beside the D2S converter, just an addtional
inverter stage /5 is added as the second stage after the D2S.
In the following we describe the performance behaviour of
the proposed amplifier.

A. FREQUENCY RESPONSE OF THE PROPOSED ULV OTA
The differential gain of the proposed ULV, standard-cell-
based OTA can be derived as:

Avpas, Ao

A = 22
vp(8) 1+ 57, 14571 (22)
where
Cz
Tyl = ————— (23)
8ds, + 8ds,
C
7 = —= (24)
8dss
and
8ms
CZ == ngS . gT + CgS5 + ngl + ng2 (25)
55

is the total capacitance at node Z in Fig. 8.
Starting from eq. (22), the phase margin of the OTA can be
derived as:

me = 180 — arctan t,, — arctan 17, (26)

According to the above equations, two design strategies to
provide frequency compensation of the proposed OTA can
be devised:
1) to size the inverter /s so that the value of its input
capacitance C;, results in 7,; > 77, fora given Cy,,.;
2) to size the inverter /5 in order to obatain 77, > 1,, for
agiven Cp,...
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Since our goal is to design an OTA which is able to drive
both on-chip and off-chip capacitive loads, we set the value
of the minimum load capacitance Ci,, to a value which
is integrable on-chip and we then size the inverter /5 so as
to attain the required phase margin for such minimum load

capacitance.

B. CMRR

Since the topology of the proposed OTA is derived by simply
adding the inverter /s to the proposed D2S, the CMRR of
the OTA is the same obtained by the D2S converter and is
expressed by eq. (20).

C. LARGE-SIGNAL PERFORMANCE

The positive and negative slew rate (SR and SR_ ) are set by
the output capacitance Cr, and the maximum output current
Is max of the inverter I5s during the low-to-high and high-to-
low transitions respectively. An expression of SRy and SR_
can be derived as follows:

SR, Lay, exp (VDD - IVzhpl)

CL npU[
I Vop — V.

SR_ = “ou oxp (22D Tihn 27)
CL nnU[

Therefore the SR is set by the values of Vi, and Iy, » in the
adopted CMOS technology.

V. SIMULATION RESULTS

Both the proposed D2S converter in Fig. 5 and the ULV
standard-cell-based OTA in Fig. 8 have been designed and
simulated within the Cadence environment by using the
standard-cell library of a commercial 130nm CMOS process
from STMicroelectronics. Referring to the D2S converter in
Fig. 5, the inverters I3 4 3 4 have been implemented with
the minimum sized standard-cell (IVx2), whereas inverters
I1 2.1,> have been implemented with the IVx160 standard-
cells (i.e. with 80 times larger transistors). Then considering
the ULV standard-cell-based OTA in Fig. 8, I3 43 4 have
been implemented with IVx2, 1 51/ » with IVx160, and
I5s with the IVx20 standard-cell. Since our goal was to design
an OTA able to drive both on-chip and off-chip capacitive
loads, we have set the value of the minimum load capacitance
Cr,., at 2 pF and sized the inverter /5 so as to attain a phase
margin greater than 52° for such loading condition.

A. SIMULATIONS OF THE PROPOSED IMPROVED
INVERTER-BASED D2S

In this subsection we compare the conventional inverter-
based D2S against the proposed improved inverter-based
D2S from a simulation perspective, where all the invert-
ers are taken from the same standard-cell library. The his-
togram of the common-mode rejection ratio CMRR for
both the conventional and the proposed D2S is reported
in Fig. 9 after 200 Monte Carlo mismatch simulations.
Fig. 9 shows that the CMRR of the proposed D2S exhibits
a larger standard deviation with respect to the conventional
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FIGURE 9. Common-mode rejection ratio CMRR of the proposed (red)
and conventional (blue) inverter-based D2S.

D2S. However it has to be pointed out that the improved D2S
exhibits a much higher average value of CMRR and therefore,
if we set a specification for the minimum value of CMRR,
such as for example |CMRR| > 20 dB, the proposed D2S
allows to achieve a dramatically improved yield (in the range
of 75%) with respect to the conventional one (which exhibits
a yeld limited to about 15%).

To further compare the performance of the conventional
and the improved D2S converters we have evaluated the dif-
ferential gain A,,, the common-mode gain A,., the output
offset voltage Offset and the power consumption Pp in the
five process corners. As it can be observed in Tab. 1, the
crossed corners FS and SF significantly affect the output DC
voltage of the conventional D2S, resulting in a relatively large
offset. The performances of the improved D2S converter in
the five process corners are summarized in Tab. 2. As it can
be observed in Tab. 2, the Offset is lower than 1.29 mV also
in crossed corners due to the action of the feedback loop
which forces node A in Fig. 5 to AGND. If compared to
the conventional D2S converter, the enhanced D2S converter
exhibits a worst case offset voltage, which is about six times
lower than the one of conventional D2S.

TABLE 1. Performance of the conventional D2S VS corner variations.

Ayp [dB] Ay, [dB]  Of fset [mV]  Pp [uW]
TYP 13.87 -1.49 -0.87 5.81
FF 12.17 -1.75 -1.75 12.58
SS 15.41 -1.26 -0.78 2.99
FS 14.03 0.22 -7.83 6.5
SF 13.38 -0.67 6.18 6.17

TABLE 2. Performance of the improved D2S converter VS corner
variations.

A,, [AB] A, [dB] _Offset lnV] Pp [uW]
TYP | 1442 -12.94 092 593
FF 12.77 -11.08 1.29 12.87
Ss 1591 -14.58 0.65 3.06
FS 14.57 -9.51 0.87 7.37
SF 13.9 -12.19 1.27 6.56

Tab. 2 also confirms that the enhanced D2S converter pro-
vides lower A, and the higher CMRR across the different
corners.
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B. SIMULATIONS OF THE PROPOSED ULY,
STANDARD-CELL-BASED OTA EXPLOITING THE IMPROVED
D2S

1) SIMULATIONS IN NOMINAL CONDITIONS

The frequency response of the differential gain (magni-
tude and phase) of the proposed standard-cell-based OTA is
depicted in Fig. 10, showing a differential gain of about 35 dB
with a phase margin mg = 60 deg . The simulated differential
gain results to be about equal to the gain of the D2S with a
cascaded inverter: A, (0) ~ A% /2 ~ 35 dB, as expected from
the theoretical analysis in section III. The frequency response
of the common-mode gain of the proposed standard-cell-
based OTA is depicted in Fig. 11. Considering a differential
gain of about 35 dB, the CMRR at DC results to be about
27 dB, in very good agreement with the theoretical analysis
in section III.

—  34.97 1
Eg 15.18 A
— —4.61 1
T.Q —24.40 A
% —44.19 1
- 763'98 L T T T T T

T s

= 975+

R —146.3 1
<t —195.0 1
~ —243.8 1

10! 103 10° 107 10°
Frequency [H ]

FIGURE 10. Frequency response of the differential gain of the proposed
standard-cell-based OTA.

7.89

E -2.97 +
=3, -13.82
2468

O 35.54
T 46.39 -

-57.25 1

10t 108 10° 107 10°
Frequency [H z]

FIGURE 11. Common-mode gain of the proposed standard-cell-based
OTA.

The OTA has then been tested in closed-loop, non-
inverting, unity gain configuration and the frequency
response is reported depicted in Fig. 12.

The time domain response to a full-swing input pulse is
shown in Fig. 13, highlighting the rail-to-rail characteristics
due to the enhanced D2S. The total harmonic distortion vs
a sinusoidal waveform of frequency 1 MHz whose amplitude
varies around 10% and 100% of the Vpp is reported in Fig. 14.
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FIGURE 12. Frequency response in unity gain configuration.
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FIGURE 13. Transient response in unity gain configuration with a
rail-to-rail input signal.
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FIGURE 14. Total Harmonic Distortion under different input signal
amplitudes.

To better assess the advantages provided by the proposed
improved D2S also in terms of input common-mode range
(ICMR) we have simulated the dc voltage transfer character-
istic of the OTA with both the conventional and the proposed
D2S and results are reported in Fig. 15. Fig. 16 reports the
voltage gain (derivative of the dc voltage transfer charac-
teristic) as a function of the input common-mode voltage,
further highlighting how the proposed improved D2S allows
to enlarge the ICMR and to greatly improve the accuracy
of the OTA configured as a voltage buffer (i.e. closed-loop
voltage much closer to the ideal value of 0 dB). As outlined
in Sec. III-A, the proposed D2S enhances the input common-
mode range, thanks to the local feedback provided at node A.
As expected, when a small-signal stimulates the non inverting
buffer, the conventional D2S and the proposed one are both
valuable solutions, though the proposed one attains better
accuracy. On the other hand, when large signals stimulate the
non inverting buffer, the conventional D2S drastically reduces
its accuracy and, with respect to the proposed one, results in
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FIGURE 15. Dc voltage transfer characteristic of the OTA with the
conventional (red), proposed (blue) and ideal (green) D2S.
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FIGURE 16. Voltage gain in unity gain configuration vs. input signal
amplitude.

lower input common-mode range. This behaviour is due to
the fact that no reference voltage is provided in the conven-
tional D2S architecture and thus, under large common-mode
input signals, the diode-connected inverter (I3) works with
a static voltage which strongly differs from the one of I,
thus the accuracy of the differential to single-ended con-
version is drastically reduced with respect to the proposed
D2S. On the other hand, in the proposed D2S, the local
feedback sets the node A at the reference voltage (Vyer =
AGND), even for large commone-mode variations, and pro-
vides a better accuracy and a larger input common-mode
range.

2) SIMULATIONS IN THE DIFFERENT PVT CONDITIONS

The robustness of the architecture has been investigated with
respect to process, supply voltage and temperature (PVT)
variations and results of the analysis are summarized in
Tables 3-4. As it can be observed in Table 3, both the differ-
ential and the common-mode gains are stable with respect to
different corners, as well as the offset and the phase margin,
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TABLE 3. Performance of the proposed OTA in the different process
corners.

TT FF SS FS SF
Ay, [dB] 3497 31.19 379 3486 34.1
Ay, [dB] 7.89 8.19 7.66 9.88 6.53

GBW [MHz] | 12.69 27.64 8.18 1236 11.81
mep [deg] 62.56 6635 58.63 6493 64.58
Pp [uW] 6.10 13.2 3.15 7.07 6.63

Of fset [mV] 2.13 3.49 1.61 6.95 2.54
SRy [V/ps] 4.54 7.34 2.83 2.72 7.25

SR [Vips] 6.82 11.87  4.26 1062 394
THD [%] 3.38 3.02 4.31 3.45 3.56

which results to be always greater than 58.63 [deg]. Other-
wise, as expected, the power consumption results to be sen-
sitive to process variations due to the fact that the current of
each inverter is not controlled and depends on the threshold
voltages Vi, , of MOS transistors, which vary with process.
Due to the fact that the quiescent current is not well defined,
the transconductances g,,, vary with the quiescent current
and, as a consequense, the GBW results sensitive to process
variations. Since slew rate performance depends on the max-
imum current of the inverter /5 which, once again, depends
on the threshold voltages Vi, , according to eq. 27, the pos-
itive and negative slew rates are also process dependent. The

TABLE 4. Performance of the proposed OTA in the different supply
voltage and temperature conditions.

Voltage Variations | Temperature Variations
T [°C] 27 27 0 80

Vpp [mV] 270 330 300 300
Ay, [dB] 34.03 35.7 35.86 33.17
Ay, [dB] 791 7.87 8.24 7.68
GBW [MHz] 8.30 18.88 7.97 24.64
mep [deg] 63.75 61.63 61.71 64.27
Pp [uW] 3.67 9.90 3.33 15.38
Of fset [mV] 2.26 2.08 2.16 2.06
SRy [V/ps] 2.58 7.50 3.25 7.12
SR, [V/us] 3.85 11.31 541 9.21
THD [%] 4.59 2.67 4.66 2.36

proposed architecture has been tested also under voltage and
temperature variations and it appears clear from results in
Tab. 4, that both temperature and supply voltage variations,
affecting the bias conditions of each inverter, have an impact
on the GBW, the Pp and the SR, ,,. However, it has to be
noted that the proposed D2S is able to work in all the different
operating conditions. The output offset is always lower than
2.3 mV and the differential gain, the common-mode gain and
the phase margin are robust with respect to PVT variations.

These results confirm that ULV standard-cell-based ampli-
fiers, even if allow to minimize silicon area and are suitable
for automatic place and route, exhibit more sensitivity to PVT
variations with respect to ULV full-custom designed ampli-
fiers. ULV full-custom designed amplifiers, especially the
body-driven ones, on the other hand exhibit heavy drawbacks
in terms of area footprint, design time and effort for the layout
step.
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TABLE 5. Performance of the proposed OTA under mismatch variations.

Typical Mean  Std

Ay, [dB] 34.97 3485 034
Ay, [dB] 7.89 1099 8.26
GBW [MHz] 12.69 1296  1.33
me [deg] 62.56 63.2 1.84
Pp [uW] 6.10 625 0.14

Offset[mV] | 213 262 891
SR, [Vips] 454 455 048
SRy [V/ps) 6.82 686 0.89

TABLE 6. Main performance parameters of the proposed OTA for
different Vpp values.

Voo V] 02 03 045 06 075 09 I
Cload [PF] 2 2 2 2 2 2 2
Ay, [dB] 3018 3497 3757 3854 37.86 3631 3524
Ay, [dB] 525 789 763 759 792 795 187

GBW [MHz] | 2.6 1269 7732 2995 636 8734 960
mep [deg] 6823 6256 59.12 57.93 59.08 61.15 6243
Pp [uW] 099 610 5607 3383 132k 347k  5.66k

Offset[mV] | 320 2.3 208 232 313 475 621
SR, [Vius] | 060 454 3024 7519 1307 1948 2399

SRy [Vips] | 078 682 4708 1228 213.6 317.5 391.8

3) MISMATCH MONTE CARLO SIMULATIONS

The proposed amplifier has been tested under mismatch vari-
ations and results of the analysis are reported in Tab. 5. As it
can be observed, the common-mode gain shows a certain sen-
sitivity to mismatch variations due to the fact that matching
between g, and g, strongly affects the overall CMRR (see
eq. (8)). However, as outlined in Fig. 9, both the mean value
and the standard deviation result greater than the one showed
by the conventional D2S, and this allows to attain better
CMRR with a greater yield if compared with the conventional
D2S.

In addition, as outlined from Tab. 5, the GBW, the phase
margin, the Pp and also the SR), , result in very good agree-
ment with typical simulations. The offset, which is one of
the main drawbacks of fully synthesizable OTAs results to
be in line with literature [3], [7], [30], [32] and, if compared
with the same OTA which exploits the conventional D2S
appears to be comparable, in spite of having adopted mini-
mum sized standard cells for the error amplifier Ap. Indeed,
under mismatch variations, the same architecture with con-
ventional D2S shows an offset whose mean value is com-
parable with the one presented in Tab. 5, but the standard
deviation results slightly higher (9.81 mV) than the one of
the proposed (8.91 mV). This result is not obvious, since
as outlined in Section III-D a further mismatch contribution
was added. However, the effect of the negative feedback is
to impose the reference voltage to the internal node A of the
OTA, thus under mismatch variations the internal nodes of the
OTA result to be better biased than the one in which the con-
ventional D2S is exploited. Moreover, when the non inverting
buffer is closed, the contribution of oy4,, to the OV, pys CAN be
neglected, since is attenuated by the overall Ay, gain.
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TABLE 7. Comparison table.

This Work [ BT B 28] [41F 61T (3017
Year 2022 2022 2022 2022 2021 2020 2020 2020
Technology [pm] 0.13 0.13 0.13 0.13 0.18 0.18 0.18 0.18
Vop [V] 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
DClqin [dB] 34.97 28.3 5292 38.07 30 98.1 39 51
Cp, [pF] 2 1.5 50 50 150 30 10 10
GBW [kHz] 12.69k 15.42k 35.16 24.14 0.25 3.1 0.9 0.27
mep [deg] 62.56 54 5240  60.15 90 54.2 90 90
SRy [X] 454K 9.08k 1861 20.02 - 14 - -
SR_[-7] 6.82k 9.08k 1151 844 - 42 R R
SRavg [ml} 5.68k 9.08k 15.06 14.23 0.085 9.1 - -
CMRR [dB 27.08 41.07 42.11  54.88 41 60 30 37
Power [nW 6.10k 441k 21.89  59.88 24 13 0.60 0.50
Mode STD CELL  STD CELL BD BD DIGITAL BD GD GD
Area [pm?] 217.85 164 5.2k 2.7k 982 9.84k 472 727
MHzpF
FOMs 4 [Wz";;"z} 19.10 32.01 15.44 7.47 16.18 0.73 31.77 7.43
FOMp, a [m] 8.54 18.84 6.62 4.4 5.50 2.13 - -
V- pF
FOMy . A [t 6.84 18.84 506 261 - 0.98 - -
T Simulated; ¥Measured .
C. SCALABLE PERFORMANCE UNDER SUPPLY VOLTAGE 5 78 A
VARIATIONS V; (o, |1
.
In order to investigate the possibility of scaling the perfor- I e iy 4 b
mance with the supply voltage, the proposed OTA has been i Il . g
simulated also under different supply voltages ranging from s % Z 2 vou
0.2V to 1V. Main performance parameters for the different el - . N T, y
Vpp values are reported in Tab. 6. It has to be remarked that, "l
as expected, the small signal and large signal performances .
. . . . . . 1 12 53
improve with higher Vpp, with a corresponding increase of = 22,14 pm

the power consumption. An important feature of the proposed
OTA which is evident from Tab. 6 is that, even if the load
capacitance is left unchanged at 2pF for all the simulated
supply voltage values, the phase margin of the OTA remains
almost constant. This is due to the fact that the poles ratio is
given by:

w _ CL s

To, Cz 8ds, + 8ds,
Since both C7z and the ratio ggss /(gds, +&as,) are very weakly
dependent on the supply voltage, the poles ratio remains unal-

tered under different Vpp values and the phase margin doesn’t
change significantly according to eq. (26).

(28)

D. AUTOMATED LAYOUT FLOW

The schematic of the OTA in Fig. 8 has been described in
structural Verilog language by instantiating the x2 and x160
inverters taken from the standard-cell library and the obtained
Verilog netlist is reported in the APPENDIX. The Verilog
netlist has been imported in the Cadence Innovus environ-
ment, together with all the technology files needed in the
conventional place and route flow usually adopted for digital
circuits. A conventional place and route flow (without timing
constraints) including design import, floorplanning, place,
and routing has then been carried out exploiting the same
scripts conventionally adopted to implement digital circuits
as in [29]. The automatically generated layout is depicted in
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FIGURE 17. Layout of the proposed standard-cell OTA generated by the
place and route tool.

Fig. 17 and has resulted in an Area consumption of about
217.86 um? (Width=22.15 um, Length=9.84 pm).

VI. COMPARISON

The proposed OTA exploiting the improved D2S has been
compared with other ULV high performance OTAs from the
literature. The small-signal and large-signal figures of merit
(FOMg and FOM}) are the most common metrics exploited
to compare OTAs. However, these metrics do not take into
account the Area contribution of the OTA, so in [28] the area-
normalized FOMs 4 and FOM| 4 have been proposed. These
two FOMs are defined as follows:

GBW - C;,

SR, - C
. FOMp,=—%8 L

Pp - Area

The performance of the most performant ULV OTAs (i.e.
operating down to 0.3V of supply voltage) with respect to
Area-normalized FOMs have been depicted in Tab. 7. As it
can be observed, just [11] results in lower area footprint and
higher FOMs o, FOM|, 4.1t has to be noted that also the DIG-
ITAL OTA, presented in [2] results in low area-consumption
and good trade-off between performance and area consump-
tion. Moreover, among the full custom OTAs, despite its high

FOMg o = (29)

Pp - Area
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area usage (about 25 times greater than the one proposed),
also [32] shows very good values of the area normalized
FOMs.

VIl. CONCLUSION

In this paper we have proposed a novel topology of inverter-
based D2S converter based on an auxiliary standard-cell-
based local feedback loop which allows to improve the accu-
racy of the current mirror performing the differential to
single-ended conversion. Simulation results have shown that
the proposed D2S, compared to the conventional one, exhibits
higher CMRR, improved ICMR and better robustness with
respect to PVT variations. An ULV standard-cell-based OTA
which exploits the proposed D2S has also been presented,
showing excellent performance in terms of both area usage
and performance figures of merit. Mismatch Monte Carlo
simulations performed on the proposed ULV OTA have
demonstrated good performance of the OTA under mismatch
variations in spite of the adoption of minimum sized inverters
for the Ap block. This confirms the effectiveness of the pro-
posed approach which, at a very low cost (in the range of 2%)
in terms of increased area and power consumption, results in
greatly improved CMRR, ICMR and robustness.

APPENDIX
The netlist of the architecture depicted in Fig. 8 is as follow:

module d2sota ( AGND, Vim, Vip, Vout );

inout AGND, Vim, Vip, Vout;
IV_X20_PBO_L I5 (
IV_X160_PBO_L Ilp (

IV_X160_PBO_L I2p (

.Z(Vout), .A(netd))
.Z(net4), .A(Vip)
.Z(netd4), .A(net2
)
)
)

IV_X160_PBO_L Il ( .Z(netl), .A(Vim));
IV_X160_PBO_L I2 ( .Z(netl), .A(net2));
IV_X2_PBO_L I3p ( .Z(net2), .A(AGND));
IV_X2_PBO_L I3 ( .Z(net3), .A(netl));
IV_X2_PBO_L I4p ( .Z(net2), .A(net3d));
IV_X2_PBO_L I4 ( .Z(net3), .A(net3));
endmodule
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