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Abstract—The evolution of the Digital-Based Operational
Transconductance Amplifier (DB-OTA), which was initially in-
troduced to address the challenges related to the implementation
of analog functions in aggressively scaled technology nodes is
reviewed in this paper, starting from the first proof-of-concept
prototype up to the most recent ultra-compact area, ultra-low
voltage and ultra-low power solutions. The improvement in
performance and the potential of this approach in meeting the
requirements of Internet of Things (IoT) sensor nodes and next-
generation biosensing will be discussed.

Index Terms—Digital-Based Operational Transconductance
Amplifier (DB-OTA), Digital Operational Transconductance Am-
plifier (DigOTA), Time-Multiplexed Digital Differential Ampli-
fication (TMD?A), Ultra-low Voltage (ULV), Ultra-low Power
(ULP), Digital-based analog and mixed-signal, Internet of Things
(IoT), Biosensors.

I. INTRODUCTION

Analog design in nanoscale CMOS started to be more and
more challenging due to the relatively poor analog charac-
teristics of MOSFETs and of the reduction in the analog
signal swing imposed by voltage scaling [1], [2]. While many
research efforts have been focused on the refinement of tradi-
tional analog design techniques, different design approaches,
intended to move signal processing from the amplitude to the
time domain so that to take advantage as much as possible
of the development of the digital-centric IC technology have
been proposed [3]-[7].

In this context, the possibility to re-think analog functions
in themselves and translate them into digital was suggested.
This trend began with the introduction of all-digital PLL
[8], synthesizable A/D converters (ADCs) [9], digital low-
dropout regulators (LDOs) [10], digital-based comparators
[11], voltage references [12] and buck converters [13].

In this context, the Digital-Based Operational Transconduc-
tance Amplifier (DB-OTA) was first conceptualized in 2013
with the aim of providing a systematic, scaling-friendly, fully-
digital realization of the traditional analog OTA, which is a
ubiquitous building block in analog ICs [14].

In the subsequent decade, the application landscape has
witnessed the emergence of the Internet of Things (IoT)
paradigm and of a new generation of biosensors, among
the others. In both contexts, energy autonomous integrated
systems with a size in the (sub)-mm are demanded so that to
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operated without a direct connection the power grid, relying
on the tine amount of energy that can be stored in a mm-
range battery or that can be retrieved from the environment
small with an energy harvester of the same size. It immediately
follows that such applications require ultra-low area and power
consumption ICs, which need to operate under an extremely
variable and often poorly controlled supply voltage.

While the requirements of energy-autonomous Internet of
Things (IoT) nodes [15] and next-generation biosensing [16]
are not compatible of traditional analog ICs, which draw a
static power to operate transistors in their dc bias point, the
digital-based approach and the DB-OTA circuit in particular,
have more and more proved to be a viable solution for the
implementation of analog and mixed-signal functions.

This paper provides an overview of the evolution of DB-
OTA implementations, highlighting current advances and fu-
ture perspectives. The paper is organized as follows. Firstly,
the DB-OTA concept is introduced, and the first proof-of-
concept DB-OTA prototype based on commercial off-the-shelf
components is described. The paper then dives into the first
DB-OTA silicon implementations, discussing both the basic
topology and its passive-less evolution based on Muller C-
element gates. The potential of this approach as an ultra-
low voltage, ultra-low power technique for IoT applications
is highlighted. Moreover, the recent adoption of the DB-OTA
principle in the time-multiplexed differential amplification
(TMDZ2A) technique is described, which offers a unique way
to design a Digital-Based low frequency acquisition front-
end with inherent analog-to-digital conversion with high DC
accuracy without using chopping and auto-zeroing. Following,
the paper goes on to provide an overview of recent appli-
cations of the DB-OTA concept in the design of a charge
amplifier, a potentiostat, and a biosignal amplifier targeting
Body Dust applications. Additionally, the portability of this
technology in emerging Indium-Gallium-Zinc-Oxide (IGZO)
Flexible Thin-Film Transistor technology is discussed. Finally,
the paper offers some general comments on the strengths and
weaknesses of the BD-OTA and presents future perspectives
of this technology.
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II. A DIFFERENTIAL PAIR AS A DIGITAL CIRCUIT

The Digital-Based Operational Transconductance Amplifier
(DB-OTA) is intended as a digital replacement of the simplest
Operational Transconductance Amplifier (OTA) based on an
MOS differential pair shown in Fig.1, and which could ef-
fectively mimic its analog behavior in a negative feedback
configurations.

The DB-OTA design starts by abstracting the analog
OTA functionality, which can be described with reference to
Fig.2(a). Here, the output capacitance C'is driven by a current
fout = gm¥q that is proportional to the input differential signal
vq = v+ —v~, while being independent of the common-mode
input ve, = (v +v7)/2, and is converted into the output
voltage

g [*
Vout = Fm/o va(t')dt' (1)

In this configuration, common-mode independence is
achieved since the voltage at the common-source node A
tracks the common-mode input voltage, which is then sub-
tracted from the external input signals appearing in the gate-
source voltages vgs1 and vgsp of the input devices M1 and M2.
Assuming that M1 and M2 are matched, biased in the satura-
tion region, and neglecting the channel length modulation and
the Drain-Induced Barrier Lowering (DIBL) effects, the drain
currents ¢+ and ¢~ are a function of Vgs1 and vggo only, and
therefore are insensitive to common-mode variations, resulting
in an output current i,y that is purely proportional to vg.

When the OTA transconductance gy, approaches infinity,
which is highly desirable to boost the loop gain in negative-
feedback configurations, the differential pair bias current Igrag
is steered with positive (negative) polarity to the output capac-
itance C'. This causes the output voltage to increase (decrease)
depending on the positive (negative) sign of vq, as shown in
Fig. 1(b). As a result of this analysis, the analog behavior of
an idealized OTA can be described by the pseudo-code in Fig.

1(c).

Fig. 2. a) DB-OTA output stage b) a pair of single-ended digital buffers as a
digital differential stage c) digital output configurations and implications on
DM and CM input signals from [14]

The pseudo-code in Fig. 1(c) suggests that the function of
an analog OTA can be emulated by a digital circuit capable
of detecting the polarity of the input differential voltage and
driving the output capacitor with a positive or negative current.

In detail, to detect the polarity of the differential input
voltage, a pair of digital buffers with an ideal threshold be-
havior and identical trip point Vi (see Fig.2(b)). Indeed, when
the buffer logical outputs OUT™ and OUT~ have different
values (this condition is equivalent to |ven, — V| < |va/2],
see Fig.2(cl)), the sign of vgq is immediately inferred. Based
on this information, a three-state buffer (see Fig.2(a)) can be
driven either to charge or to discharge C' thus immediately
reproducing the analog OTA behavior.

On the other hand, when OUT*+ = OUT™, ie., if
[vem—T| > |va/2|, the sign of vq cannot be inferred (see
Fig. 2(c2)). However, if OUT+ = 1 and OUT—- = 1
(OUT+ = 0 and OUT— = 0), it can be concluded that
vem > Vr (vom < Vi), and this information can be
utilized to drive a second three-state buffer (i.e., the CM
Extractor circuit in Fig.3 (a)), so that to track the common-
mode component and subtract them from the external inputs
to enforce OUT™ # OUT™, thus implementing a common-
mode compensation mechanism which closely resembles what
has been described above with reference to the differential pair
in Fig.1(a).

III. EARLY DIGITAL-BASED OTA IMPLEMENTATIONS

The DB-OTA circuit depicted in Fig.3(a) was designed in
[14] based on the previous behavioral description of the analog
OTA. The circuit includes digital input buffers, output and
CM-Extractor stages, driven by combinational logic and a
resistive summing network. Its purpose is to sum the CM-
compensation voltage vconvp to the analog external inputs. In
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Fig. 3. a) A digital-based differential circuit. b) pseudo-code that control the
amplification of the differential input signal (UP code) and pseudo-code that
that controls CM tristate inverter for CM signal tracking.

Fig. 4. Proof-of-concept implementation of the digital-based differential
circuit, connected in the voltage follower configuration using the off-the-shelf
digital component [14].

Fig.3(b), pseudo-codes governing the output and CM three-
state inverters are also provided.

The circuit was implemented by off-the-shelf components
(Fig. 4) and tested in the voltage follower configuration.
Despite its poor analog performance, the paper suggests that
better performance could be achieved for a fully integrated
and properly designed circuit. Additionally, the DB-OTA has
been proven to have high EMI immunity [17] and has been
used in open-loop mode as a voltage comparator [11].

The DB-OTA has been demonstrated on silicon in 2019 [20]
and 2021 [18], as depicted in Figs. 5(a) and 5(b).

The performance of the DB-OTA silicon implementations
illustrated in Figs. 5(c) and 5(d), revealed the potential of the
DB-OTA as an ultra-low voltage (ULV) and energy-efficient
amplifier, achieving a record-low power consumption of
591 pW at 300mV Vpp, a compact area of 1,426 ym?, and an
energy- efﬁ01ency figure of merit FOMg = 100 M =
2,101 V~L, where Cout = 80pF and GBW = 518 Hz

IV. STANDARD-CELL BASED DIGITAL OTA (DIGOTA)

In [19], the original DB-OTA topology has been modified
replacing the resistive summing network used for CM compen-
sation with two Muller C-elements, which are commonly used
in asynchronous digital circuits [21]. The inputs of the Muller
C-elements are connected to both the external OTA inputs and
the output of the CM-compensation network. Their outputs,
namely vypurn4+ and vymur—, drive a pair of digital inverters
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Fig. 6. DigOTA schematic [19].

similar to the digital buffers in the basic DB-OTA in Fig. 3.
The CM compensation and output stages remain analogous to
the DB-OTA and are operated based on the inverter digital
outputs MUL, and MUL_, following the DB-OTA logic in
Fig. 2(c).

By eliminating the resistive summing network, this tech-
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Fig. 8. Schematic and layout of the Standard-cell Based DigOTA proposed
in [22].

nique results in a fully-synthesizable design that is compatible
with a digital standard cell flow. Furthermore, it exhibits
reduced input-referred noise and improved resilience against
mismatch and process variations, while maintaining a low
power consumption in the nW range and a supply voltage
of 300 mV.

The DigOTA test-chip presented in [19] has a compact
footprint of only 982 pm? in 180 nm CMOS. Fig.7 shows the
measured response of the DIGOTA circuit operating in the
voltage follower configuration under a low supply voltage of
300mV, which is directly generated by a miniature solar cell
[19]. Under these extreme conditions, the DIGOTA cell is still
capable to drive a heavy capacitive load of 150 pF with a DC
gain of 30dB, a gain-bandwidth product (GBW) of 250 Hz,
and a phase margin of 90°. The measured CMRR and PSRR
are 41 dB and 30dB, respectively. These results demonstrate
the potential of DIGOTA in pure harvested IoT nodes and
next-generation biosensors.

In [22] a different fully-synthesizable, standard-cell-based,
DigOTA implementation has been proposed. The schematic
and the automatically generated layout of the circuit are shown

MULLER C + 1°-Stage (B) inverter-based stage

Voo Digital
CM-Extracts
Bulfers, Moy | A‘/M Xtractor

8

Fig. 9. Hybrid DigOTA circuit proposed in [23].

in Fig.8. In essence, in this variant, the CM extractor is
implemented through the XOR1, the IV7 and the IT1 gates,
as in the proof-of-concept prototype in [14], and generates a
common mode compensation signal CMP which is added to
the external inputs in the current domain via the inverters IV1,
IV2, IV3 and IV4. The circuit has been tested by simulations
in 130 nm, revealing 87 dB DC gain and 3.15 kHz GBW while
consuming 8.2 m at 0.55V power supply.

V. HYBRID DIGITAL OTAS AND DIGOTA-RELATED
APPROACHES

To overcome the DC accuracy limitations of the initial DB-
OTA, a hybrid DigOTA topology has been reported in [23].
Compared to previous solutions, it features an inverter-based
third amplifying stage. The hybrid solution enables a 66-dB
gain at 0.3-V power supply and a GBW product increased to
12.3 kHz under a 250 pF capacitive load. These specifications,
together with the average power consumption around 44nW
and the area occupation of 625 ym, leading to improved area-
normalized small-signal and large-signal FOMs by a factor
4.6X and 1.5X, respectively compared to previous DigOTA
implementations.

Interestingly, in the same paper [23], the possibility to
describe the DigOTA operation by a simplified, analog-like,
small-signal model extracted assuming mid-range analog in-
puts has been validated by simulations. The introduction of the
simplified small-signal model paves the way to Miller-based
compensation topologies, typically adopted in conventional
multistage OTAs. A more accurate analysis, which takes into
account of the time-varying, digital-like DigOTA operation,
has also been proposed in



Vout—

Yout+

(b)

Fig. 10. a) BioDIGOTA schematic b) fully differential DIGOTA [24].

VI. DIGOTA FOR BIOSIGNAL ACQUISITION
(B1oD1GOTA)

In [24], a fully-differential (FD) BioDigOTA aimed at
biosignal acquisition has been proposed. The full schematic
of the AC-coupled biosignal amplifier, which targets electro-
cardiogram (ECG) signals, is depicted in Fig.10. The proposed
FD-DIGOTA includes a noise-optimized Muller-C-based input
stage, two inverters, an MCswap common-mode compensa-
tion, its internal combinational logic, and an output stage
including two three-state inverters. Similar to the DIGOTA, the
differential output voltage is also increased/decreased based on
the sign of vq. Moreover, two additional inverters are included
to sense the CM output and compensate it independently of
the CM input.

The BioDigOTA was designed and fabricated in 180 nm
CMOS. Its feedback network comprises Metal-insulator-Metal
(MiM) on-chip capacitors and MOS-based pseudo-resistors
(Cin, Ctp, Ry in Fig. 10). The BioDigOTA was measured at
Vpp = 400mV and, for a 3 Hz input frequency, it operated
as a filter with less than 2% Total Harmonic Distortion (THD)
and a power consumption of 100 nW. Under these conditions,
the BioDIGOTA circuit functioned correctly, producing an
output swing of more than 400mV peak-to-peak. The circuit
provided a 10Hz bandwidth at 35dB gain and more than
12 V/s slew rate under Cy; = 10 pF.

The BioDigOTA’s integrated noise over the entire bandwidth
(0.05Hz - 10 Hz) was measured to be 1.25 uVgnms, which cor-
responds to a Power Spectral Density (PSD) of 395nV/v/Hz.
These results correspond to a Noise Efficiency Factor (NEF)
of 7.6 and a Power Efficiency Factor (PEF) of 23.

Aiming to address the DC accuracy limitations of BioDIG-
OTA and of the other DB-OTAs, the Time-Multiplexed Digital
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Fig. 11. a) Switched-capacitor and time multiplexed DB-OTA b)state transi-
tion graph of the DB-Amp control unit [25].

Differential Amplification (TMD2A) has been proposed in
[25] to design a low frequency, nW power Digital-based
Acquisition Front-End (DAFE). The TMD?ZA principle is
illustrated in Fig. 11. In TMD?A - in essence - the two digital
buffers with matched trip points, that are used to sense the
inverting and the non-inverting inputs of the DB-OTA (Fig. 3),
are replaced by a single buffer, which is multiplexed in time so
that to compare the inverting and non-inverting input voltages,
synchronously sampled on the input capacitors, against its trip
point, thus inherently suppressing any matching requirements.

VII. DB-OTA IN FLEXIBLE IGZO TECHNOLOGY

Recently, a DB-OTA in a 800nm Indium-Gallium-Zinc-
Oxide (IGZO) Thin-Film Transistors (TFT) Flexible Integrated
Circuits (FlexICs) technology has been developed and com-
pared with an analog implementation [26]. Fig.12 shows the
schematic and layout of the flexible DB-OTA. The DB-OTA’s
mostly-digital architecture allowed for easy porting to the
800nm IGZO technology, achieved by replacing CMOS logic
gates with nMOS logic gates [27], using minimum-length
transistors. It is worth noting that TFT IGZO technology is
not a complementary, i.e. it does not allow the integration of
p-type devices.

Based on post-layout simulation, the flexible DB-OTA
has achieved several impressive performance metrics. Despite
maintaining a comparable gain-bandwidth product (GBW) to
analog implementations, it has achieved the smallest area
and lowest power consumption. Furthermore, the proposed
DB-OTA has achieved the best figure of merit (FOM) of
38.05 MHz-pF/mW, owing to its GBW of 86 kHz and its ability
to drive a relatively large load of 50 pF while consuming a
reasonably low amount of power. It is worth noting that this
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design also demonstrated one of the best reported slew rate
performances in the same technology.

VIII. COMPARISON AND PERSPECTIVE

Table I summarizes the performance of several DB-OTA-
based amplifiers, from the proof-of-concept introduced in [14]
to the last solutions. These implementations have demonstrated
a steady improvement in performance and/or reduction in
size, with areas as small as less than 1,000 um? reported in
[19], power consumption as low as less than 600 pW reported
in [18], and minimum operating voltage as low as 300 mV
reported in [18]-[20].

These achievements demonstrate that DB-OTA-based am-
plifiers can be compatible with the requirements of energy-
autonomous IoT sensor nodes [15] and next-generation
biosensing applications [16]. Furthermore, emerging appli-
cations in different domains such as charge amplifiers in
photodiode readout [28] show further potential.

Despite many improvements, there is still a gap between
DB-OTA and traditional analog solutions operating at nom-
inal supply voltage (above 1V) in terms of DC gain and
bandwidth. Addressing this gap will require further research
efforts. Nevertheless, it is worth being observed that when
aggressively scaled, nanometer technologies and sub-500,mV
supply are considered [18]-[20], the gap between DB-OTA
and more traditional OTAs almost disappears, and the DB-
OTA approach proves to be a highly competitive.

An important aspect of the DB-OTA technology is its
compatibility with a fully automated standard cell digital
design flow, as demonstrated in all the CMOS prototypes
presented in Tab.I, as well as in [22]. While the technologies
used in this comparison are relatively mature, this feature will
be particularly valuable in aggressively scaled technologies,
where manual layout generation is an extremely complex and
time-consuming task.

Removing analog device requirements (e.g., matching, in-
trinsic gain, transconductance, etc.), the DB-OTA approach is

TABLE I
PEFORMANCE OF DB-OTA IMPLEMENTATIONS

Ref, Unit (41t T ey ot T opot [261* [23]*
Date year 2013 2019 2020 2022 2023
Tech. Discrete CMOS CMOS | IGZO | CMOS
Feat. nm N/A 130 180 800 28
Design gates stdcell stdcell custom custom
Area mm? - 0.0014 0.00098 | 0.0252 | 0.00062
Supply v 5 0.3 03 33 0.3
In Range % Vbb 100 100 100 30 93
Power nW 165-10° 0.591 2.4 113-10° 44
BW Hz 100,000 518 250 86,000 | 12,300
Cout pF 22,000 80 150 50 250
DC Gain dB 30 30 30 36.3 66
Tn Offset Y N 1,100 5,000 7.200 29,080
Noise 1V s B 2,900 21 87 837
THD % 37 126 2 031 1.72
Slew Rate V/ms 100 0.264 0.085 187 3.2
CMRR dB 30 B 41 45 105
PSRR dB 35 B 30 39 74
FOMg () | MEGPE T 0013 70.1 15.6 0.038 69.8
FoM, (W | TERRE [ 1333 35,736 5312 | 8274 | 18.8
(@) FOMg = %, ®) FOM;, = i,lzwc;ﬁ +Measurements, * Simulations

inherently well suited to enable analog and mixed-signal func-
tionalities in virtually any technology in which basic Boolean
operations can be implemented. The successful demonstra-
tion of a DB-OTA circuit in a flexible IGZO semiconductor
technology [26], indeed, has paved the way for exploring its
implementation in other beyond-CMOS technologies such as
optical computing, spintronics, quantum gates, and more. By
extending the DB-OTA approach beyond the realm of CMOS,
it is possible to open up new avenues for developing advanced
analog circuits and systems that can enable a wide range of
exciting applications in the future.

IX. CONCLUSION

A review of the digital-based amplifiers presented in the
litterature has been provided. The analysis highlights that the
DB-OTA method is well-suited to implement analog functions
that meet the requirements of emerging energy autonomous
IoT nodes and biosensing, including ultra-low voltage opera-
tion, ultra-low power consumption, and minimal area. Impor-
tantly, this is achieved using a fully digital, standard-cell based
design flow. The review also outlines the current limitations
of the approach and identifies areas for future research.
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