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Abstract: This study introduces a collaborative and open dataset designed to classify operational
transconductance amplifiers (OTAs) in switched-capacitor applications. The dataset comprises
a diverse collection of OTA designs sourced from the literature, facilitating benchmarking, analysis
and innovation in analog and mixed-signal integrated circuit design. Various evaluation method-
ologies, implemented through a companion Python notebook script, are discussed to assess OTA
performances across different operating conditions and specifications. Several Figures of Merit (FoMs)
are utilized as performance metrics to achieve significant performance classification. This study also
uncovers intriguing behaviors and correlations among FoMs, providing valuable insights into OTA
design considerations. By making the dataset openly available on platforms like GitHub, this work
encourages collaboration and knowledge sharing within the integrated circuit design community,
thereby enhancing transparency, reproducibility and innovation in OTA design research.

Dataset: https:/ /github.com/michele-dei/OTA-settling-survey.
Dataset License: Dataset available under the GNU General Public License (GPL) version 3.

Keywords: operational transconductance amplifiers; switched capacitors; figures of merit;
state-of-the-art classification; integrated-circuit design; performance analysis

1. Introduction

In the context of analog integrated circuit design, operational transconductance ampli-
fiers (OTAs) play a crucial role in various electronic systems, including switched-capacitor
(SC) applications. OTAs serve as fundamental building blocks in modern communication,
sensing, driving and signal-processing systems [1-3].

The performance and efficiency of OTAs greatly influence the overall functionality of inte-
grated circuits [4,5]. Therefore, the classification of OTAs is essential to optimize circuit design,
enhancing performances, and to meet application-specific requirements such as settling time,
slew rate, bandwidth at specific conditions of capacitive loading and settling accuracy [6].

Existing research concerning OTA design has primarily focused on the analysis of
OTA circuits based on their circuital topology [7,8], design methodology [9-12] or CMOS
technological node [13,14].

The design process of OTAs continues to demand significant technical expertise.
Presently, this process is predominantly facilitated by Electronic Design Automation (EDA)
tools; nevertheless, designers are often confronted with the challenging responsibility
of meticulously selecting the appropriate circuit topology based on given requirements
(e.g., process, power consumption, accuracy). Furthermore, reaching state-of-art perfor-
mances still implies complex optimization procedures, stemming from an in-depth under-

Data 2024, 9, 114. https:/ /doi.org/10.3390/data9100114

https://www.mdpi.com/journal /data


https://doi.org/10.3390/data9100114
https://doi.org/10.3390/data9100114
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/data
https://www.mdpi.com
https://orcid.org/0000-0002-3158-995X
https://orcid.org/0000-0001-5388-0150
https://github.com/michele-dei/OTA-settling-survey
https://doi.org/10.3390/data9100114
https://www.mdpi.com/journal/data
https://www.mdpi.com/article/10.3390/data9100114?type=check_update&version=1

Data 2024, 9, 114

2 of 15

standing of specific circuit topologies and related design trade-offs. Insofar, fully automated
design procedures are still far from being available.

In pursuit of cost reduction and accelerated project timelines, future iterations of
EDA tools are poised to integrate Artificial Intelligence (Al) to a greater extent [15,16].
Al algorithms will progressively assume responsibility for an expanding range of tasks,
beginning with repetitive duties such as layout drawing. Subsequently, Al will advance
to tasks involving the optimization of circuit parameters by exploring the design space,
culminating in abstract endeavors such as synthesizing circuit sub-topologies to devise
novel architectural solutions [17,18].

Nevertheless, the absence of high-quality datasets for training and evaluating classifi-
cation models remains a significant challenge, with sparse information scattered throughout
the scientific literature. This limitation impedes the progress of developing and bench-
marking classification techniques.

In response to this challenge, this study presents a collaborative and open dataset for
OTA classification in switched-capacitor applications. By leveraging contributions from
multiple sources and fostering collaboration within the research community, this dataset
aims to facilitate advancements in OTA classification and supports the optimization of
the design process. Equally crucial is the necessity for this dataset to be openly accessible,
fostering a democratic transition of society into the digital age [19].

2. Dataset Description

In the following, we provide comprehensive information about the various attributes
of the proposed dataset, including its context, its structure and its contents.

The database title “OTA Settling Survey” conveys the focus and purpose of the dataset,
drawing inspiration from the renowned “ADC Performance Survey” by Murmann [20].
The term “settling” pertains to the OTA performance, which is usually of greatest interest
in switched-capacitor applications. With settling performance, we refer to the speed of the
OTA output voltage in recovering from abrupt variations, up to settling to a desired voltage
level (under specified accuracy requirements). SC circuits are discrete-time systems whose
operations are based on charge transfers among capacitors, assisted by OTAs in closed-
loop configurations. OTAs configured with negative feedback provide low-impedance
nodes, allowing for almost ideal charge transfer processes. However, correct functionality
is achieved as long as OTAs are able to charge/discharge their load capacitors quickly
enough as to make transient duration substantially smaller than the clock period. In light
of this, bandwidth, slew rate and, most importantly, settling time serve as cornerstone
characteristics of such circuits in the above-mentioned applications [21].

2.1. Data Source

The dataset is built starting from sourcing the scientific literature accessible through
various online search engines and platforms for the scientific and technical literature, includ-
ing IEEE Xplore, MDP], Springer, Elsevier and Wiley, among others. These platforms serve
as valuable repositories of scholarly articles, research papers and publications, providing
a rich pool of data for analysis and exploration.

An exhaustive search is conducted across these search engines, utilizing key phrases
such as ‘OTA’, ‘settling time” and ‘switched capacitors’. Each article retrieved in the search
results undergoes meticulous manual extraction of quantitative information. This method
ensures thoroughness and accuracy in capturing relevant data from the scientific literature,
filtering out data of questionable quality.

At this juncture, it is essential to distinguish between two fundamental types of data
obtained through electrical simulations performed with EDA tools: measured performances
and simulated data. Measured results are deemed of higher quality as they demonstrate
actual metrics obtained in real-world scenarios, thereby overcoming any potential inaccura-
cies inherent in electrical models of the devices and/or other non-idealities not accounted
for during simulations. However, direct measurements may not always be feasible, espe-
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cially for very fast operational transconductance amplifiers (OTAs) or those loaded with
very small capacitance values (e.g., <1 pF). Moreover, several research works also only re-
port simulated results because of the relatively high fabrication costs and long turn-around
times of integrated circuit prototypes. However, simulated results can still be relevant
if sufficiently accurate analyses are included (e.g., process—voltage-temperature corner
simulations, Monte Carlo statistical simulations, post-layout simulations). Consequently,
articles describing both experimental and simulation approaches are considered in the
dataset compilation process. The nature of the results, however, is reported in the dataset
as a specific data field (EXPM).

2.2. Data Structure

The dataset is structured in a tabular format within a spreadsheet (.xlsx), incorporating
the fields outlined in Table 1. For each field, a short-named variable is associated, referenced
for numerical calculations to assess the performance metrics described in Section 3. Units
are also specified whenever pertinent. For better clarity, the data entry type is also indicated.

Table 1. Spreadsheet headings of the “OTA Settling Survey” dataset (field, variable, units) and the
corresponding entry type.

Field Variable Units Entry Type
Digital Object Identifier DOI Alphanumeric
Title TITL Text
First author AUl Text
Year YEAR Numeric (YYYY)
CMOS technological node CMOS [nm] Numeric
Number of gain stages NS Numeric
Signal Configuration SCFG Either ‘Single-ended’ or ‘Fully-differential’
Test setup TEST eonfounationt Unity-gai b Uity g R et
Feedback factor () BETA Numeric
Experimental method EXPM Either ‘Measured’ or ‘Simulated’
Effective capacitive load CLE [pF] Numeric
Overall supply Vpp — Vsg SUP [V] Numeric
Input Voltage Step DVS [Vl Numeric
Positive Slew Rate SRP [V/qus] Numeric
Negative Slew Rate SRN [V/nps] Numeric
Unity-gain frequency UGF [MHz] Numeric
Settling Time (positive step) TSP [ns] Numeric
Settling Time (negative step) TSN [ns] Numeric
Settling Error SERR [%] Numeric
Power PWR [uW] Numeric
Area AREA [mm?] Numeric
Open-loop DC gain A0 [dB] Numeric
Phase Margin PM [degree] Numeric
Offset 0s [mV] Numeric
Spot Noise SNOI [NVms/ vVHz@kKHz] Numeric
Integrated Noise INOI [1Vims@kHz] Numeric
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(single-ended OTA only)
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The Digital Object Identifier, title, first author, and year fields (denoted as DOI, TITL,
AU1, YEAR, respectively) enable the unique identification of the research work. While
the data are graphically represented in scatter plots, the design instances are labeled by
combining the first author’s name and the year of publication (author + year format).

The CMOS technological node (CMOS) is relevant for investigating the impact of adopt-
ing different technology nodes on the performance.

The number of gain stages (NS) is related to the circuit topology of the OTA. Typically,
the choice is limited to three major architectures: single-stage, two-stage or three-stage
(ie.,Ns € (1,2,3)).

The signal configuration (SCFG), either single-ended or fully differential, is mainly
determined by the application and is relevant in determining the intended use of the OTA

The test setup (TEST) is identified among the following possible choices: “Not specified’,
‘RC-beta’, ' Switched-cap configuration’, 'Unity-gain buffer’, and ‘Unity-gain R-beta’, as illustrated
in Figure 1. Configurations (a) and (d) are used, respectively, for single-ended and fully
differential setups to characterize the OTA in unity-gain configuration [22]. Configurations
(b) and (e) are often used for very high-speed designs to resemble a switched-capacitor
amplifier, applying a pulsed input as in the previous configuration case [23]. For these
configurations, Z; = Ry + (jwC;)~! and Z = Ry + (JwCy)~!. It is important to set
Zy = G- Zy, where G is the desired voltage gain. This condition imposes the compensation
conditions: Ry = G- Ry and C; = C;/G. Configurations (c) and (f) represent the actual

switched-capacitor amplifier /integrator configuration [24]. Direct measurements of these
latter configurations are less straightforward.

® G G ©)
"L Tl v
Ry Ry
‘/out
‘/;:mi
1"
RC beta - Switched-cap
(single-ended OTA) (single-ended OTA)
C C C
(e) | =2 | |2 = ) v, .o | 2 F =
I I e l l u
Lo oL, o o [ e
+ Rl R2 CS
+ o — + o—oﬁ ¢20 + o +
‘/i > V;)ut ‘/zn ¢ ¢ > V;)ut
— o -+ - —— 2o — o —
- & Ity 1 Cs Or
LI LI T C T
| || )
o e, = Vemi Cr =
RC beta Switched-cap

(fully-differential OTA) (fully-differential OTA)

Figure 1. Test setup configurations of OTAs (TEST): (a) Unity-gain buffer for single-ended OTAs;
(b) RC beta feedback for single-ended OTAs; (c) Switched-capacitor feedback for single-ended OTAs;
(d) Unity-gain resistive feedback for fully-differential OTAs; (e) RC beta feedback for fully-differential

OTAs; (f) Switched-capacitor feedback for fully-differential OTAs.

The feedback factor, BETA, is derived from specific test setup configurations (see Table 2).
As discussed in [6], this factor inherently impacts the evaluation of performance metrics



Data 2024, 9, 114

50f 15

and could potentially be utilized for additional normalizations of the Figures of Merit
(FoMs) when comparing different OTA designs. However, for simplicity, the incorporation
of BETA into the FoMs of Section 3 is not addressed in this context.

Table 2. Correspondence between the circuital parameters relative to the configurations shown in
Figure 1 and BETA and CLE.

(a) and (d) (b) and (e) ! (c) and (f)
BETA 1 G G
C+G C+G
C1Co GG
CLE C C C
- LTarG LTaTg

1 Compensation condition is assumed: Ry /Ry = C2/Cj.

The experimental method, denoted as EXPM, indicates whether the metrics are derived
from measurements (“Measured’) or electrical simulations (‘Simulated’).

The effective capacitive load, CLE, indicates the loading condition, considering also
the feedback network (see Table 2).

The input voltage step, DVS, refers to the amplitude of the stimulus step used in the mea-
surement of the settling parameters (specifically for what concerns SRP, SRN, TSP and TSN).

The overall supply voltage, SUP, refers to the supply configuration, which can either be
a single supply (Vpp) or a dual supply (with Vpp representing the highest supply voltage
and Vgg representing the lowest supply voltage). For all data analyses, only the term
Vpp — Vss is relevant (or Vpp, in the case of a single supply).

The remaining fields (SRP, SRN, UGF, TSP, TSN, SERR, PWR, AREA, AQ, PV, 0S, SNOI, INOI)
pertain to characteristic performance metrics of OTAs, namely positive and negative slew
rates, unity-gain frequency, low-to-high and high-to-low settling times, settling accu-
racy, power consumption, area occupation, phase margin, input referred offset (stan-
dard deviation), root-mean-squared noise density given at a specific frequency spot, and
root-mean-squared noise integrated in the bandwidth from DC to the given frequency
value, respectively.

2.3. Data Usage

The intended usage of the collected data should serve two primary purposes, listed
as follows:

1.  Expanding the Reference Pool: Continuously updating the spreadsheet to encompass
future research works, as well as incorporating previously published works not
currently included in the database, thereby enriching the perspective on the state of
the art of OTA designs.

2. Data Analysis: Employing simple Python scripts (or equivalent script tools) to visual-
ize, rank, or classify the design instances using the methods outlined and described in
Section 3. Additionally, there is the possibility of introducing new methods tailored to
more specific analyses.

The GNU General Public License (GPL) version 3 is applied to both the spreadsheet
and the Python notebook associated with the ‘OTA Settling Survey’ dataset. This choice
ensures that the dataset remains openly accessible and can be freely used, modified, and
shared by all, while also guaranteeing that derivative works remain open. Interested
readers are encouraged to make use of the proposed dataset according to these principles
to foster novel widespread awareness in the subject of fast-settling OTA design.
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3. Methodology

Perfromances of the designs are measured through the following set of FoMs [6]:

UGF x CLE _
FOMS = — (small-signal FoM), (1)
PWR
SR x CLE )
FOML = —— (large-signal FoM), (2)
PWR
CLE o
FOMT = ——— (settling-time FoM), 3)
tsgT X PWR
CLE x DVS ) ,
FOMN = —— (input-step normalized FoM). 4)
tsgT X Ipp

To calculate these quantities, the worst-case slew rate, SR, and the worst-case settling
time, fgpT, are extracted from the parameters of Table 1 as follows:

SR = fmin(SRN,SRP), (5)
tser = fmax(TSN, TSP). (6)

The functions ‘fmin()” and ‘fmax()’ correspond to element-wise max and min functions,
respectively, between two arrays, taking care of NaN (not-a-number) cases. If one of the
elements being compared is a NaN, the non-NaN element is returned [25,26]. A NaN value
is present whenever the corresponding spreadsheet field is left blank. This could happen,
for example, if only one value between SRP and SRN is annotated.

Finally, in Equation (4), Ipp indicates the static current drawn from the supply, derived
from the dataset as follows:

PWR

IDD = % (7)

The FoMs of Equations (1)—(4) are focused on classifying OTA performances in terms
of settling speed vs. power efficiency at a given loading condition. In this respect, FOMN
is the most descriptive since it also accounts for the amplitude of the input voltage step
(DVS). A detailed discussion on the differences between the FoMs is developed in [6].

Clearly, new FoMs can be introduced to account for other design aspects as well, such
as open-loop DC gain (A0), phase margin (PM) or silicon area occupation (AREA). This is left
for possible future explorations of the dataset.

In this work, we explore the state-of-the-art literature using the FoMs of Equations (1)—(4),
employing the following classification methods:

*  Ranking the top-10 designs in terms of each FoM;

*  Ranking the top-10 designs in terms of FOMN/CLE;

¢  Mapping the best FoM against the OTA architecture (NS);

*  Placing each design case in a FoM vs. CLE scatter plot;

*  Visualizing each design case in an FoM vs. technological node (CMOS) scatter plot;
¢ Analyzing the correlations between the four FoMs.

Data-elaboration functions used in the Python notebook script are described in Appendix A.

4. Results and Discussion

The results in both tabular and graphical formats are obtained by running the Python
notebook script. A straightforward classification of each design with respect to each FoM is
exhibited in Figure 2. The tabular output serves as a valuable tool for identifying specific
publications by displaying key information such as the DOI (Digital Object Identifier) and
other significant fields (AU1, YEAR).
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TOP 10 sorted by FOMS por AUl YEAR CLE PWR FOMS TOP 10 sorted by FOML Dol AU1 YEAR CLE PWR FOML
25  10.1109/TCS1.2016.2584919 Hong 2016.0 15000 7.4 3445.945801 25 10.1109/TCS1.2016.2584919 Hong 2016.0 15000 7.4 2229.729736
24 10.1109/TCSI.2016.2584919 Hong 2016.0 1500 7.4  344.594604 24 10.1109/TCS1.2016.2584919 Hong 2016.0 1500 7.4 1189.864868
55  10.1109/JS5C.2014.2364037  Tan 20140 680 12.7  180.440933 23 10.1109/TCS1.2016.2584919 Hong 20160 100 7.4 117.162163
53 10.1109/TCSI.2014.2333364 Mak 2014.0 19000 36.5 150.438354 77 10.1109/PRIME58259.2023.10161977 Gagliardi 2023.0 1000 132  56.969696
52 10.1109/TCSI.2014.2333364 Mak 2014.0 4400 36.5 130.191788 16 10.1109/TCS1.2006.887639 Galan 2007.0 80 120  52.000000
54  10.1109/JSS5C.2014.2364037  Tan 20140 330 127 109.393707 20 10.1109/JSSC.2005.845977  Lopez 2005.0 80 120  52.000000
51 10.1109/ISSCC.2014.6757438  Qu 20140 500 6.3  106.349205 21 10.1109/JSSC.2005.845977  Lopez 2005.0 80 120  50.666668
50 10.1109/ISSCC.2012.6177044  Yan 2012.0 15000 144  98.958336 51 10.1109/ISSCC.2014.6757438 Qu 20140 500 63  49.206348
80 10.1109/TVLSI.2019.2918235  Paul 2019.0 50 039 92307693 55 10.1109/JSSC.2014.2364037 Tan 20140 680 127  35.874016
TOP 10 sorted by FOMT Dol AU1 YEAR CLE PWR  FOMT TOP 10 sorted by FOMN Dol AU1 YEAR CLE PWR FOMN
25 10.1109/TCS1.2016.2584919 Hong 2016.0 15000 7.4 0.844595 25 10.1109/TCS1.2016.2584919 Hong 2016.0 15000 7.4 0278716
51 10.1109/ISSCC.2014.6757438 Qu 20140 500 6.3 0.070862 77 10.1109/PRIME58259.2023.10161977 Gagliardi 2023.0 1000 13.2 0.140725
24 10.1109/TCS1.2016.2584919 Hong 20160 1500 7.4 0.047140 20 10.1109/JSSC.2005.845977  Lopez 2005.0 80 120 0.023392
55 10.1109/JSSC.2014.2364037 Tan 20140 680 12.7 0.044619 50 10.1109/ISSCC.2012.6177044 Yan 2012.0 15000 144 0.023200
54 10.1109/JSSC.2014.2364037 Tan 20140 330 12.7 0.037120 51 10.1109/1SSCC.2014.6757438 Qu 20140 500 63 0.022959
50 10.1109/ISSCC.2012.6177044 Yan 2012.0 15000 144 0.023200 54 10.1109/JSSC.2014.2364037 Tan 20140 330 12.7 0.022272
74 10.1109/TCSI1.2014.2368972 Yan 20140 500 32.4 0.022046 21 10.1109/JSSC.2005.845977  Lopez 2005.0 80 120 0.020202
77 10.1109/PRIME58259.2023.10161977 Gagliardi 2023.0 1000 13.2 0.016153 24 10.1109/TCS1.2016.2584919 Hong 2016.0 1500 7.4 0.015556
73 10.1109/TCS11.2014.2368972 Yan 20140 150 32.4 0.013228 74 10.1109/TCSI1.2014.2368972 Yan 20140 500 32.4 0.013228

Figure 2. Tabular output for the ranking of designs in terms of Figures of Merit (FoMs) values.
CLE is expressed in [pF], PWR in [uW], FOMS in [MHz-pF/uW], FOML in [V-pF-s~1-uW~1], FOMT in
[pF-ns_1 -uW~1], and FOMN is a dimensionless number.

Classification by simple ranking, however, is not sufficient to deduce the best OTA design.
It is worth noting that OTA design with fast-settling targets encompasses both topological
choices and slew-rate-enhancing mechanisms [6]. The effectiveness of each solution is
benchmarked against specific operating conditions and specifications (CLE, SUP, DVS, BETA,
SERR). Therefore, a holistic evaluation of OTA designs requires considering a range of
factors beyond just performance metrics. Further exploration of the dataset involves
comprehensive benchmarking and analysis to identify optimal designs tailored to specific
requirements and operating conditions. These considerations led us to explore 2D design
spaces represented by the FoM vs. CLE axes of Figure 3.

As discussed in [6], a trend line can be observed, which is particularly evident in the
FOMN-CLE space. The tabular output shown in Figure 4 presents the ranking based on the
trend-line slope coefficient, R_FOMN_CLE [ppm/pF], defined by

FOMN

R_FOMN CLE = ——. (8)
CLE

The measured results report a lower maximum R_FOMN_CLE (292 ppm/pF) compared
to simulation results (420 ppm/pF). As anticipated, this discrepancy can be attributed to
the intrinsic difficulties of reproducing the operating conditions of a switched-capacitor
stage in a test setup where the probe loading cannot be neglected. Additionally, it is worth
mentioning that high-speed switched-capacitor stages are typically intended for uses in
larger systems such as filters, AX. modulators or pipeline analog-to-digital converters, where
the stage under test is typically loaded by similar sub-circuits presenting an equivalent
load capacitance well below the 10 pF level.
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Figure 3. Scatter plot outputs for each FoM: (a) FOMS vs. CLE; (b) FOML vs. CLE; (c) FOMT vs. CLE;
(d) FOMN vs. CLE.

TOP 10 sorted by FOMN/CLE
TOP 10 sorted by FOMN/CLE excluding simulation-only designs

AU1  YEAR CLE FOMN R_FOMN_CLE AU1 YEAR CLE FOMN R_FOMN_CLE
83 Gagliardi 2024.0 8 0.003836 0.000479 20 Lopez 2005.0 80 0.023392 0.000292
65 Giustolisi 2021.0 0.6 0.000252 0.000420 21 Lopez 2005.0 80 0.020202 0.000253
68 Veldandi 2017.0 2 0.000731 0.000366 35 Assaad 2009.0 5.6 0.000865 0.000155
78 Catania 2020.0 6 0.001888 0.000315 22 Lopez 2005.0 80 0.011429 0.000143
20 Lopez 2005.0 80 0.023392 0.000292 70 Sani  2011.0 3 0.000375 0.000125
21 Lopez 2005.0 80 0.020202 0.000253 59 Sundararajan 2016.0 5.2 0.000600 0.000115
35 Assaad 2009.0 5.6 0.000865 0.000155 34 Assaad 2009.0 5.6 0.000625 0.000112
a1 Elwan 2000.0 5 0.000721 0.000144 26 Lopez 2018.0 70 0.006076 0.000087
22 Lopez 20050 80 0.011429 0.000143 27 Garde 2018.0 70 0.005833 0.000083

Figure 4. Tabular output with respect to the FOMN/CLE ratio from (8), including all designs and
including only experimental results. CLE is expressed in [pF], FOMN is a dimensionless number, and
R_FONM_CLE is expressed in [prl].

Figure 5 illustrates a potential classification based on the number of stages (NS) to
evaluate the impact of architectural choices. A general trend of superiority for single-
stage designs over multistage ones is observed. Multistage topologies are often utilized in
low-voltage designs to address DC gain limitations resulting from the inability to employ
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cascode configurations. While the results presented in Figure 5 offer valuable insights, it is
evident that further refinement is necessary to draw more robust conclusions. Enriching
the dataset with additional references dedicated to this aspect would be advantageous and
is earmarked for future developments.

max max Nof max min max

maxFOML ~ maxFOMS oyt EOMN designs SUP SUP A0

Single

stage 2229.729736 3445.945801 0.844595 0.278716 43.0 5.0 0.5 102.7
Two

19.444443 92.307693 0.022046 0.013228 28.0 10.0 0.5 130.0
stages
Three

49.206348  180.440933 0.070862 0.023200 12.0 5.0 0.7 105.5

stages

Figure 5. Tabular output for FoM classification based on the OTA number of stages (NS). Maximum
and minimum supply voltages (SUP) are expressed in [V], while A0 is expressed in [dB].

Regarding the impact of the CMOS technological node on performances, it is evident
from Figure 6a that, currently, the 180 nm CMOS node collects the greatest number of
designs, followed by the 500 nm CMOS and the 130 nm CMOS nodes. Apparently, imple-
mentations in 180 nm CMOS show superior performances in terms of FoMs. However,
concerning absolute settling speed, the best result is obtained with the 40 nm CMOS node,
as shown in the tabular output of Figure 6b.

a
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d
u
—20 - oi -20 -
2 § : i -
= *el : =il | I
S -4 o 8% 01" = .
O ° o " n
e 3 hd L
>< TT T T T T T T T T T T TT T T T T T T T T T T
T S ISEINS §5 WESISSILS &8
S~
=
0 v 0
o v FOMT FOMN
ax
s -201 v ¥; A 2 4 ~20 1
4 vv
° vy
v v v \ 4 ' v A A 4
> — _
o 40w vy 40
i . y ¥ . _
CMOS node [nm]
(b) o 1 2 3 4 5 6 7 8 9 10 1

CMOS 40.0 45.0 65.0 90.0 130.0 180.0 250.0 350.0 500.0 600.0 800.0 1600.0
minTS 18 7.0 10.0 10.7 4.4 42 11.0 460.0 36.0 240 NaN 370.0

N of

. 20 10 40 1.0 9.0 36.0 1.0 40 16.0 2.0 1.0 2.0
designs

Figure 6. (a) Scatter plot output of FoM vs. technological node; (b) minimum settling time [ns]
obtained for each technological node.
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Interdependences among the FoMs represent a crucial aspect in evaluating OTA
performances. As previously introduced, transitioning to the unified FOMN seems to offer
several advantages, leading to higher correlations in performance classification between
designs featuring similar architectures, as proven by the clusters emerging in Figure 3d.
These considerations were already discussed in [6] and are partially confirmed by the
general trends shown in plots in Figure 7. However, a closer examination reveals the
emergence of the following behaviors:

*  In the FOMT-FOMN plot of Figure 7a, a high degree of correlation is evident. This
can be easily understood by directly elaborating Equations (3), (4) and (7), resulting in
the following relation:

FOMN = DVS x SUP x FOMT. )

Moreover, the maximum input range DVS is related to the supply range SUP:
DVS = aSUP, where « € (0,1] is determined by specific design choices (e.g., stage
gain, employment of cascode configurations or complementary input pairs). Hence,

FOMN

= = w SUP%. 1
SN, T FOMT a SU (10)

Equation (10) linearly relates FOMN and FOMT for a given SUP, through a coefficient
equal to aSUP2. However, since SUP may vary from design to design, a band appears
in the bilogarithmic plot of Figure 7a. Under the same FOMT performance, a better
FOMN is achieved for larger supplies and larger input steps. The upper limit of this
band is clearly determined by the interpolation of (10) to the design case with the
highest aSUP?, whereas the lower limit of the band corresponds to the design case
with the smaller aSUP? value. This phenomenon suggests that a specific design with
a given FOMN scales with SUP? law, when FOMT is considered. Clearly, this argument
has some practical limitations: excessively up-scaling SUP may incur a violation of
devices’ safe operating region, whereas excessive down-scaling SUP may cause the
devices to exit the usual saturation region, degrading the gain of the amplification
stages and finally heavily affecting the settling precision, as well as other OTA func-
tionalities based on feedback action (e.g., bandwidth and/or slew-rate-enhancing).
The two design points determining the total width of the dispersion band have been
marked with APA-style labels: “Gagliardi2023” [22] and “Naderi2018” [23]. For
the latter, we have the following specifications: SUP = 1.1 V and DVS = 62.5 mV
(x = 56.82 x 1073). For “Gagliardi2023”, SUP = 3.3 V and DVS = 2.64 V (« = 0.8).
Consequently, min(sy 1) = 0.06875 V2 and max(sy 1) = 8.712 V2.

e The FOML-FOMN plot in Figure 7b follows a similar trend as that of Figure 7a. In [6],
it has been demonstrated that, if the asymptotic condition of settling time dominated
by slew-rate settling holds, then the following simple relationship can be considered:

I
FOMN = k 2% (11)
Ipp
where lyy,y is the maximum output current of the OTA and k is a constant related to
the capacitive feedback network. On the other hand, since SR = Ij;4x/CLE, we can
relate Equations (2) and (11) to find the following:

FOMN

= _—— =~ kSUP. 12
SNL = FOML (12)

Both k and SUP are specific to each design point. Hence, a band-like dispersion similar
to that in Figure 7a is observed. In this case, the band dispersion is determined by the
“Hong?2016” [27] and the “Gagliardi2023” [22] designs. The observed maximum and
minimum values of sy |, are 3.17 X 1072V and 2.47 x 1073V, respectively.
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Figure 7. Annotated scatter plots for FoM interdependence analysis: Dots represent design entries in

the dataset, while areas determined by dotted lines are meant to group and/or cluster design points
with similar characteristics. (a) FOMT-FOMN plot; (b) FOML-FOMN plot; (¢) FOMS-FOMN plot;
(d) FOML-FOMS plot. The following references have been indicated in the plots: Gagliardi2023 [22],
Naderi2018 [23], Gagliardi2024 [24], Hong2016 [27], Lopez2005 [28], Galan2007 [29], Lee2005 [30].

A different behavior is observed in the FOMS-FOMN plot of Figure 7c, where sub-
groups A and B have been encircled for easier visual identification. These groups
demonstrate the existence of sub-optimal designs in terms of bandwidth (UGF), which,
however, are marked by high FOMN scores due to more efficient large-signal charac-
teristics, such as input range and slew rate. Depending on the intended application,
it may be reasonable to opt for such OTA solutions, but it should be considered that
enhanced large-signal performance is achieved at the expense of small-signal charac-
teristics. This is a typical design situation where a low-power operation is achieved by
reducing the static OTA power consumption and relying on efficient class AB oper-
ation, which temporarily and on demand increases the instantaneous current in the
OTA internal branches [31]. Designs labeled “Lopez2005” [28] and “Galan2007” [29]
follow this trend with specific circuit implementations based on Super-Class AB OTAs.
In the FOML-FOMS plot of Figure 7d, a distinct disposition of the design instances
is evident. There is no strong correlation between FOML and FOMS. This plot has
been annotated with a square to highlight the partial orthogonality of FOML with
respect to FOMS, exhibiting complementary characteristics as for what concerns
small-signal and large-signal behaviors. This aspect is intriguing as it challenges the
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generally accepted rule of thumb that unequivocally correlates slew rate to unity-gain
bandwidth for basic OTA topologies [32], and it helps identifying optimal solutions
for different application cases (e.g., standard-voltage vs. low-voltage contexts [33]).
This consideration could potentially stimulate the creation of new OTA topologies
with the aim of combining different characteristics for enhanced performance as for
both small-signal and large-signal features.

5. Conclusions

This work offers the following contributions.

1. Dataset Development: The creation of a collaborative and open dataset for the
classification of OTAs represents a significant contribution to the field of analog and
mixed-signal integrated circuit design. This dataset provides researchers with access
to a comprehensive collection of OTA designs, facilitating benchmarking, analysis
and innovation in OTA design methodologies.

2. Evaluation Methodologies: The article discusses various evaluation methodologies,
including the use of FoMs to assess OTA performances across different operating con-
ditions and specifications. These methodologies enable researchers to systematically
analyze and compare OTA designs, yielding a clearer picture of the state of the art and
leading to insights into design trade-offs and performance optimization alternatives.

3. Interdependence of FoMs: The study highlights the interdependence of FoMs and
related implications for OTA design. Transitioning to a unified FoM, such as FOMN,
offers advantages in terms of performance classification and correlation between
performances and circuit architecture categories. Additionally, the proposed analysis
reveals intriguing behaviors and correlations among FoMs, providing insights into
design considerations.

4. Open Access and Collaboration: By making the dataset openly available on platforms
such as GitHub, the article promotes collaboration and knowledge sharing within the
research community. This open access approach fosters transparency, reproducibility
and innovation in OTA design research.
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Appendix A

In this section, we provide detailed descriptions of the auxiliary functions employed
to process, analyze and visualize the data presented in this study. These functions are
implemented within the companion Python notebook script, ensuring a systematic and
reproducible approach to dataset manipulation and graphical representation.
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Appendix A.1. “display_sorted” Function

1 def display_sorted(sort_key, number=10, print_key_list=[’D0I’>, €¢AU1’, ‘YEAR
>, ‘CLE’, ‘PWR’], df=x):

2 # display tabular results sorted by sort_key. Print_key_list adds
columns to table
sorted_x = df.sort_values(by=sort_key, ascending=False)

4 key_list = print_key_list[:]
key_list.append(sort_key)

6 display(sorted_x[key_list][0:number-1])

The “display_sorted” function is designed to display tabular results sorted by a specified
key. This function is particularly useful for ranking and presenting the top entries in the
dataset based on a particular criterion. The function allows for the customization of the
columns included in the display and the number of entries shown. This function is used to
produce the tabular results in Figure 2.

Parameters:

*  sort_key (str): The column name by which to sort the data.

*  number (int): The number of top entries to display. Default is 10.

e print_key_list (list): A list of column names to include in the displayed table.
Default includes ['DOY’, ‘AUY’, “YEAR’, ‘CLE’, 'PWR’]. Any field from those listed in
Table 1 may be used.

e df (DataFrame): The DataFrame containing the dataset. Default is x, which corre-
sponds to the data imported from the “OTA Settling Survey” xlsx file through the
Pandas “read_excel” function [34].

Appendix A.2. “apa_style_annotations” Function

| def apa_style_annotations():

2 # simple function to create an ‘Author+Year’ string to annotate the
scatter plots
y = YEAR.astype(str)

4 return (AUl+y).astype(str)

The “apa_style_annotations” function is designed to create APA-style (author + year)
annotations for use in scatter plots. This function is helpful for labeling data points
in plots with a standardized citation format, making it easier to identify and reference
specific studies.

Appendix A.3. “ns_to_color” Function

1 def ns_to_color(ii):
2 # simple function to select a color associated to the NS field
npx = x[’NS’].to_numpy()
4 if npx[ii] ==
cl = ‘blue’
6 elif npx[ii] ==
7 cl = ‘red’
8 elif npx[ii] == 3:
9 cl = ‘green’
10 else:
11 cl = ‘black’
12 return cl

The “ns_to_color” function assigns colors to data points based on the number of
stages (NS) of the OTA designs. This is useful for visually distinguishing between different
architectural choices in scatter plots of Figure 3.

Appendix A.4. “design_id_in_fom” Function

| def design_id_in_fom(fom=FOMN, fom_range=[le-5, le-1]):
2 ids = np.where((fom >= fom_range[0]) & (fom <= fom_rangel[1]))
3 return ids
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The “design_id_in_fom” function identifies the design indices that fall within a specified
range of a given FoM. This is useful for filtering designs based on their performance metrics.
It returns the indices of the designs that meet the criteria. This function is employed in the
function “design_id_in_fom1_2” described in Appendix A.5.

Parameters:

e  fom: The array of Figure of Merit values. Defaults to FOMN.
e fom_range: A list specifying the lower and upper bounds of the FoM range. Defaults
to[1x1072,1x1071].

Appendix A.5. “design_id_in_fom1_2" Function

| def design_id_in_foml_2(foml1=FOMN, fom2=FOMT, rangel=[0,1], range2=[0,1]):
2 sell = design_id_by_fom(fom=foml, fom_range=rangel)

3 sel2 = design_id_by_fom(fom=fom2[sell], fom_range=range?2)

" ids = np.array(sell[0]) [sel2]

5 return ids

The “design_id_in_fom1_2" function is designed to filter and identify design indices
that fall within specified ranges of two FoMs. This function allows for more complex
filtering criteria by considering two performance metrics simultaneously. This function is
employed to identify designs in specific regions of plots of Figure 7. The function returns
the indices of the designs that meet the criteria.

Parameters:

¢ foml: The first array of Figure of Merit values. Defaults to FOMN.
e  fom2: The second array of Figure of Merit values. Defaults to FOMT.
* rangel: A list specifying the lower and upper bounds of the first FoM range. Defaults

to [0, 1].
* range2: A list specifying the lower and upper bounds of the second FoM range.
Defaults to [0, 1].
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