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Youngcheol Chae , Carolina Mora Lopez , Kofi A.A. Makinwa , Maurits Ortmanns , and Willy Sansen

A Glimpse of the  
History of Analog ICs

robably the most 
distinct divide in 

electronic circuits 
is that between 
digital and linear 

(analog) circuits. Using vacuum 
tubes; later, transistors; and then 
ICs, circuits based on switching (bi-
nary and digital signals) and ampli-
fication (analog signals) have always 
been at the heart of electronic sys-
tems. Even though electronics are 
making our world more digital, the 

real world remains stubbornly ana-
log. Circuits for interfacing sensors 
and driving actuators, amplifying 
(weak) analog signals, manipulating 
these signals through analog signal 
processing, and, finally, converting 
them into the digital domain and 
vice versa were, are, and will remain 
fundamental research and develop-
ment fields in circuit design. Due to 
the wide scope of the field, ranging 
from RF circuits, power manage-
ment, reference generation, filter de-
sign, and oscillators to comparators 
and other nonlinear circuits, just to 
name a few, it is clear that a short 

review article cannot possibly men-
tion all topics, let alone cover them 
all. So, choices were made. We begin 
this article with amplifiers, which 
are one of the critical analog build-
ing blocks that often determine sys-
tem performance. We briefly review 
the early days of IC-based amplifiers 
and some outstanding circuit inno-
vations for amplifier design. There-
after, we highlight the history and 
state of the art of ADCs, their archi-
tectures, and efficiency improve-
ments over four decades. Finally, we 
review sensor interfaces, first with 
a general focus on their history and 
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the state of the art of various sensor 
modalities and, second, with a spe-
cial focus on biomedical interface 
circuits for biopotential recording 
in the context of neural amplifiers. 
With this variety of topics, we in-
tend to highlight the importance of 
the transistor and analog ICs to the 
world as we know it today.

Amplifiers
Amplifiers are the cornerstone of all 
analog circuits, as they are used in 

signal conditioning and processing, 
low-noise applications, ADCs, and so 
on. While the first IC-based opera-
tional amplifier (OA), Widlar’s µA702, 
already had two stages, it was the 
ubiquitous µA741 that established 
itself as the workhorse of early PCB-
based designs. It had two stages, a 
differential input stage and a class AB 
output stage. Its CMOS equivalent is 
still in use but often with CMOS invert-
ers replacing the single transistors in 
its signal path, as shown in Figure 1. 

The amplifier is fully differential and 
so requires a common-mode feed-
back circuit. The Miller compensa-
tion capacitor (CM) sets the amplifier’s 
GBW product and ensures the phase 
margin. Chopping is used to mitigate 
offset and 1/f noise. However, the 
power efficiency of this classic de-
sign is only moderate. Consequently, 
many other designs have been pro-
posed over the past decades to re-
duce the power needed to achieve a 
given speed, such as feedforward, 
multistage, positive feedback, and 
dynamic architectures [2].

The use of a single stage to bypass 
a two-stage amplifier is called feed-
forward, while the use of a two-stage 
amplifier to bypass a single-stage am-
plifier is called gain enhancement. 
However, these two terms both de-
scribe essentially the same circuit! 
Feedforward introduces a left-plane 
zero that ensures stability by cancel-
ing a nondominant pole [3]. Compared 
to Miller compensation, the efficiency 
of a feedforward amplifier can easily 
be better by factor of two to three.

Even better efficiency can be 
achieved by using negative imped-
ances or positive feedback. Negative 
capacitances have been used for a 
long time to extend the bandwidth 
of RF amplifiers, while negative re-
sistances have been used in OAs. As 
demonstrated in Figure 2, connect-
ing a negative resistance (M3, M4) to 
the sources of the input pair (M1, M2) 
increases the transconductance and 
GBW for the same power consump-
tion [5]. Negative resistances can 
also be connected to the loads of the 
input stage of a symmetric or load-
compensated amplifier [5]. They can 
also be used to cancel offset and 
lack of gain [6] and so are a recom-
mended building block in high-
performance amplifiers.

Multistage amplifiers also enable 
considerable power reduction. In three- 
stage amplifiers, the second stage is 
used to create zeros, which compensate 
the nondominant poles. Second-order 
pole-zero compensation is realized in 
the three-stage amplifier [7] in Figure 3: 
the value of the  transconductance gmt  
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FIGURE 1: A Miller CMOS OTA with CMOS inverters [1]. The (a) input stage and (b) output 
stage. CMFB: common-mode feedback.
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FIGURE 2: The increased input transconductance by negative resistance [4].
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will usually be about two to three 
times larger than gm2. As a result, 
the power consumption of the second 
stage can be lowered while still yield-
ing a GBW of about 40× larger than for 
the conventional nested-Miller three-
stage amplifier, leading to an amplifi-
er ,20 000FOM MHz pF/mA.$.  More 
complex active filters in the interme-
diate stages of a four-stage amplifier 
give rise to an even more stunning 
FOM 96,000MHz pF/mA$=  [8].

In sampled data systems, dynamic 
amplifiers can be advantageously 
used because they allow only the re-
quired bandwidth to be used, thus 
minimizing the power consumption 
for a given noise requirement. Dy-
namic inverter-based amplifiers have 
already been reported in [9]. The 
same circuit configurations are often 
used, also with switches in all biasing 
branches, as described in Figure  4. 
Another type is the floating inverter 
dynamic amplifier [11], where the sup-
ply voltage is switched rather than the 
amplifiers. This provides proper bias-
ing with limited power consumption.

Considerable further power sav-
ings have been realized by using 
more efficient (like class AB) amplifier 
topologies [12]. Also, class C and ring 
oscillator amplifiers provide superi-
or power savings [13], [14]. In partic-
ular, class D amplifiers, in which the 
output devices are switched at a high 
frequency, can provide close to 100% 
power efficiency at very low levels of  
distortion and are often used in audio  
applications [15].

Data Converters 
Such innovations in amplifiers blur 
the boundary between digital and 
analog circuit implementat ion, 
which leads us to the second topic 
of this brief review, the analog– 
digital interface, i.e., the data con-
verter. It is the last—or the first, 
depending on the signal flow—part 
in the analog signal chain. Even 
though DACs also play an impor-
tant role in electronic systems, we 
limit this brief historic review to 
ADCs because of their wider vari-
ety and much greater visibility and 

because almost all ADCs also em-
ploy an internal DAC. We thereby 
glimpse architectural innovations 
and performance evolution over 
more than 40 years since the first 
appearance of integrated ADCs. A 
very complete handbook, includ-
ing a huge historical overview of 
data converters, has been written 
by Walt Kester, and the interested 
reader is referred to [16].

The basic principles of quantiza-
tion and ADCs were explored, in-

vented, patented, and published long 
before ICs emerged. Some of the best-
known works are Howard’s proposal 
of a tracking ADC [17], Inose’s propos-
al of the delta–sigma modulator (DSM) 
[18], and Kaiser’s work on the SAR 
ADC [19]. However, flash, subranging, 
pipeline, counting, slope, voltage-to-
frequency conversion, and other ADC 
architectures were proposed one to 
two decades before the first ICs ap-
peared. These early implementations 
were based on vacuum tubes (e.g., 
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FIGURE 3: Capacitive feedback compensation [7].
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In sampled data systems, dynamic amplifiers 
can be advantageously used because they allow 
only the required bandwidth to be used, thus 
minimizing the power consumption.
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the first commercial SAR ADC, re-
leased in 1954), and, after the IC’s in-
vention, they were based on discrete 
transistors. But it was not until the 
early 1970s that hybrid and modular 
ADCs based on IC building blocks, 

as well as fully integrated data con-
verters, appeared. Two are notable: 
Paul Brokaw’s design of the first com-
plete monolithic SAR ADC, including  
reference generation, achieving 10 b 
with 40 MS/s, introduced in 1978 [21], 

and van der Plassche’s first-order 
DSM, achieving 6 b at a 200-kHz clock 
frequency and including autozeroing, 
introduced in 1977 [20], both in bipo-
lar technologies.

The 1980s represented an era of 
high growth in many applications, 
with the first commercial monolithic 
16-b DSM appearing in 1988. More 
detailed specifications, such as the 
SNR, SNDR, ENOB, SFDR, aperture 
jitter, and so on, began to appear on 
data sheets. While improvements in 
IC technology, together with circuit 
and system research, mainly dictat-
ed progress, distinctively new princi-
ples were still being discovered. For 
example, the concept of time-inter-
leaved ADCs was proposed in 1980 
[22], while the incremental, MASH, 
and bandpass DSMs were published 
in the late 1980s. The combination of 
different ADC principles into innova-
tive hybrid forms still drives innova-
tion today, such as the use of SAR in 
pipeline ADCs or DSMs [23] or the use 
of VCO-based quantizers and their 
inclusion into DSMs [24]. Further-
more, the use of DSP to correct for 
the nonidealities of analog circuitry 
is now ubiquitous [25].

Over time, thousands of ADC de-
signs have been made, and so com-
paring their performance has become 
a subject of great interest. ADCs are 
probably the most well specified of all 
circuit building blocks, with their FOM 
being the most important. The two 
most commonly used are the Walden 
FOMW, proposed in 1994 [26], and the 
Schreier FOMS, described by Richard 
Schreier in 2005 [27] but proposed as 
early as 1997 [28]. Today, Boris Mur-
mann’s performance survey [29] cov-
ering all IEEE International Solid-State 
Circuits Conference (ISSCC) and IEEE 
Symposium on VLSI Technology and 
Circuits results since 1998 is univer-
sally cited in almost all data converter 
publications. A chart showing the best 
reported FOMW over the past 40 years 
is in Figure 5, based on the database 
of [30] and extended using [29].

Amazingly, due to  technology 
scaling and circuit innovation, the 
best reported ADC efficiencies have 
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FIGURE 5: The evolution of the yearly best reported (a) Schreier and (b) Walden FOM  
for Nyquist and noise-shaping ADCs, including front line, based on [30] and extended 
with [29].

Due to technology scaling and circuit innovation, 
the best reported ADC efficiencies have 
improved by almost six orders of magnitude 
over 40 years.
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improved by almost six orders of 
magnitude over 40 years. However, 
the best reported FOMW appears to 
have saturated, and one can also ex-
pect that the record FOMS will soon 
follow. A closer look at the data shows 
that the best FOMS is obtained for a 
limited class of architectures: medi-
um-resolution/speed SAR obtains the 
best FOMW, while high-resolution low-
bandwidth noise-shaping SAR and hy-
brid SAR + DSM ADCs achieve the best 
FOMS. This emphasizes the fact that a 
single number does not tell the whole 
story, and so FOM comparisons should 
be made between ADCs that are in-
tended for the same applications. 
Furthermore, the power consumed 
by calibration engines, decimation fil-
ters, and input and reference buffers 
are often neglected in reporting FOMS. 
Fortunately, this is well understood 
by the data converter community, 
and so there is an increasing focus on 
converters with easier drivability, im-
plicit filtering, better calibration-free 
linearity, and so on, rather than just a 
new record FOM.

In the past decade, a few mega-
trends in ADCs can be observed. 
First, the SAR ADC, mainly driven 
by its superior efficiency in scaled 
CMOS, has become omnipresent and 
can be found from the highest energy 
efficiency to the fastest speed time-
interleaved ADCs; the use of noise 
and mismatch error shaping blurs 
the difference with DSMs, and they 
are often used as the quantizer of 
a DSM loop in the latest state of the 
art. Second, DSMs covering incredible 
bandwidths can be found, especially 
based on CT loop filters, with their 
intrinsic filtering, easier drivabil-
ity, hundreds of megahertz of band-
width, and linearity even in excess of 
100 dB. With the same trend toward 
wider bandwidth and significant im-
provement in aperture uncertainty, 
Nyquist ADCs are available with mul-
tigigahertz bandwidth and resolu-
tions greater than 10 b. With wider 
bandwidth and easier drivability, 
hybrid (CT + DT) ADCs are a success-
ful alternative to classical structures. 
Finally, time-based quantization ben-

efits from technology scaling and is 
now the most area-efficient solution 
for low- (or medium-) resolution ADCs 
or as part of high-resolution ADCs.

Smart Sensor Interfaces 
 ADCs directly interfacing with trans-
ducers and sensors have received 
increasing attention over the past 
decades. This leads us to the field of 
smart sensor interfaces. Today, sen-
sors surround us in our homes, our 
cars, and our phones. Most of these 
sensors are “smart” in the sense that 
they are cointegrated with all the in-
terface circuitry needed to amplify, 
linearize, and convert their weak an-
alog outputs into robust digital data. 
By cleverly exploiting the properties 
of silicon, smart sensors can be de-
signed to measure a wide variety of 
physical phenomena, such as light, 
force, heat, and magnetic fields, to 
name but a few.

The invention of the transistor 
and, subsequently, the IC spurred 
extensive research into the proper-
ties of semiconductors. It was soon 
discovered that they could be used 
to make sensors as well as circuits. 
In the 1960s, sensors for pressure, 
stress, temperature [31], and mag-
netic fields [32] were reported at 
ISSCC. These were followed by image 
sensors, beginning with the CCD [33] 
and followed by the CMOS image sen-
sor [34], which, because of its lower 
manufacturing cost, became the 
dominant technology. It was also dis-
covered that the well-defined char-
acteristics of BJTs could be used to 
realize accurate voltage references 
[35] and temperature sensors [36]. 
Another significant development was 
the use of micromachining to create 
MEMSs [37]. This rapidly led to the 
realization of sensors with moving 
parts, such as pressure sensors, ac-
celerometers, and gyroscopes.

Early silicon sensors typically 
output small analog signals, which 
were then amplified, processed, and 
digitized by external electronics. By 
the 1970s, however, the availability 
of monolithic amplifiers meant that 
amplification and filtering could be 
done on chip. Initially, trimmed BJT 
amplifiers were used to achieve low 
offset and 1/f noise. Soon, the use of 
dynamic error reduction techniques, 
such as chopping and autozeroing, 
made it possible for CMOS amplifi-
ers to achieve similar performance 
[38]. Furthermore, by using DEM [39], 
[40], gain (or ratio) errors could be 
reduced to the ppm level. Various 
combinations of these techniques, 
e.g., autozeroing and chopping [41], 
nested chopping [42], and DEM and 
chopping [43], have led to amplifiers 
with a nanovolt-level offset and ppm-
level gain error/linearity.

The next step in the evolution of 
smart sensors was the development 
of robust interfaces to the outside 
world. In the 1980s, sensors often 
employed frequency and duty cycle 
modulators [44]. By encoding ana-
log information in the timing of the 
transitions of two-level signals, such 
modulators could output micropro-
cessor-compatible signals without 
limiting sensor resolution. How-
ever, the subsequent conversion to 

Gyroscope MEMS

Accelerometer
MEMS

LGA
Substrate

Combined ASIC

FIGURE 6: Inside a multidie inertial sensor. 
LGA: land grid array. (Source: Bosch; used 
with permission.)

For the past two decades, the development  
of smart sensors has been mainly driven by  
the requirements of mobile devices and 
automotive applications.
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high-resolution digital data then re-
quired a low-jitter high-frequency ref-
erence clock. Furthermore, there was 
no standardization, and so each sensor 
required its own specific signal chain.

This all changed with the devel-
opment of monolithic ADCs and, in 
particular, the DSM [45]. The latter’s 
ability to trade speed for resolution 

meant that the relatively slow outputs 
of sensors could be digitized on chip 
without limiting their resolution. In 
turn, on-chip digitization allowed 
smart sensors to communicate with 
the outside world via standard digital 
buses and protocols. This made them 
much easier to use and allowed them 
to be marketed as stand-alone build-
ing blocks with well-defined speci-
fications. Furthermore, it allowed 
much of the required on-chip signal 
processing (filtering, trimming, and 
linearization) to be done flexibly and 
precisely in the digital domain.

In an attempt to reduce cost, 
much effort was devoted to the de-
velopment of CMOS-compatible sen-
sors, which could then be integrated 
on the same die with their interface 
electronics. However, with some ex-
ceptions (thermal and magnetic field 

sensors), this approach imposes too 
many constraints on sensor perfor-
mance. Today, most smart sensors 
employ a two-die approach, with the 
sensor being implemented on one die 
(or substrate) with an optimized man-
ufacturing process while the CMOS 
interface is implemented on the oth-
er. This approach also facilitates the 
cointegration of multiple sensors in a 
single package (see Figure 6).

Spurred by sensor and circuit in-
novations, smart sensors have come 
a long way since the 1980s. BJT-based 
temperature sensors are a case in 
point. The evolution of their accura-
cy and energy efficiency is plotted in 
Figure 7 using data from Kofi Makin-
wa’s online survey [46]. Although 
their accuracy now appears to have 
plateaued, reflecting the limits im-
posed by process spread and calibra-
tion cost, their energy efficiency has 
improved by nearly four orders of 
magnitude, reflecting improvements 
in their interface electronics. Similar 
trends can be seen for other types of 
smart sensors.

For the past two decades, the de-
velopment of smart sensors has been 
mainly driven by the requirements of 
mobile devices and automotive appli-
cations. The current trend toward an 
IoT, however, has spurred research 
into the development of autonomous 
smart sensors, i.e., energy-harvesting 
sensors that can be powered by am-
bient energy and thus do not need 
batteries [47]. Sensor fusion, where a 
design combines multiple sensors and 
local intelligence to achieve better per-
formance, is another major trend.

Biomedical Sensor Interfaces
While the sensor interfaces dis-
cussed in the preceding have in 
common that they are cointegrated 
with a sensor, biomedical sensor in-
terfaces are connected to a biologi-
cal signal source. Those are covered 
in the final section of this review, as 
the invention of the transistor, the 
IC, and technology scaling have en-
abled erstwhile unseen applications 
of electronics. Electrophysiology 
studies the electrical properties of 
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biological cells and tissues, and it 
plays a crucial role in understanding 
the functioning of the human body. 
It involves not only the measure-
ments of voltage changes, electric 
currents, and bioimpedances but 
also the manipulation of biological 
tissues at different scales. The roots 
of electrophysiology can be traced 
back to the groundbreaking research 
of Luigi Galvani, who discovered, in 
1791, that the muscles of dead frogs 
could be activated by the application 
of electrical currents. This inspired 
research into the concept of “bio-
electricity” and eventually led to the 
development of instrumentation for 
recording the small electrical cur-
rents and potentials of tissue and 
even individual cells.

After the invention of transistors 
and ICs, the emerging analog circuit 
design techniques were adopted for 
the development of more advanced, 
miniaturized, and implantable bio-
medical interfaces. A highly impact-
ful early result was the invention of 
the first implantable cardiac pace-
maker, in 1958 (by Ake Senning). In 
the 1970s, this was greatly improved 
by the introduction of IC sensing am-
plifiers, digital logic, and noninvasive 
electronic control [48]. In the same de-
cade, groundbreaking work on the use 
of implantable microelectrodes for the 
recording of brain biopotentials was 
reported by Kensall Wise [49]. These 
developments laid the foundations for 
modern silicon neural probes.

Today, modern electrophysiology 
techniques allow the accurate mea-
surement of biopotentials originating 
from the heart, brain, nerves, and mus-
cles. In particular, wearable cardiac 
monitoring has become increasingly 
popular, especially for the long-term 
monitoring of patients with cardiovas-
cular conditions. ICs and technology 
scaling enable a broad range of bio-
medical devices, including implants 
for sensory prostheses (e.g., cochlear 
and retinal implants), motor prosthe-
ses (e.g., to control robotic arms), brain 
pacemakers (i.e., deep brain stimula-
tors), glucose sensing, and insulin de-
livery, among many others.

Many of these biomedical appli-
cations require specialized readout 
electronics to acquire biopotentials 
with high signal quality. As illustrat-
ed in Figure 8, low noise, high input 
impedance, a high common-mode 
rejection ratio, and a large differ-
ential input range to avoid satura-
tion caused by motion artifacts [38] 

are critical for reliable and accurate 
wearable readout systems [50]. In ad-
dition, very low power consumption 
is required to achieve reasonable 
battery life. Typically, a fully differ-
ential high-input-impedance instru-
mentation amplifier (IA) is used to 
amplify biopotential signals. Since 
the IA characteristics dominate the 
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FIGURE 9: (a) A fully fabricated Neuropixels 2.0 CMOS probe, with details of the probe  
(b) neck, (c) tip, and (d) electrodes [53].

Doubling Time: 6.3 ± 0.2 Years (n = 92)
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FIGURE 10: The 2020 version of the Moore’s law of neuroscience plot reported in [56].

The invention of the transistor and the IC  
and the ensuing technology scaling have 
changed our world more than most inventions 
in human history.
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overall performance of the readout 
chain, many circuit techniques have 
been proposed to achieve the afore-
mentioned requirements, even in 
the presence of large dc offsets and 
low frequency drifts originating 
from the polarization voltage of the 
electrodes. To reduce common-
mode interference, a third electrode 
that biases the body to a dc voltage 
through an active feedback loop 
called “right-leg drive” is commonly 
used [51].

Neural recording using implant-
able probes has become a popular 
method for measuring electrical neu-
ral activity at the single-cell level 
[52]. Silicon probes have advantages, 
such as precise shank shapes, accu-
rate fabrication processes, automa-
tion capabilities, and integration with 
CMOS circuits. An example of a fully 
integrated CMOS probe is presented 
in Figure 9. Neural recording circuits 
must tackle several challenges, in-
cluding a small neural signal ampli-
tude, low signal frequency, electrode 
offset, high electrode impedance, and 
need for high-density neural interfac-
es. Two neural readout architectures 
are commonly used: a conventional 
architecture consisting of an ac-
coupled IA and an ADC and a direct 
digitization approach with an input 
transconductance stage merged with-
in the ADC loop.

In the conventional architecture, 
first proposed in [54], ac coupling ef-
fectively blocks the electrode offsets, 
while high-impedance pseudoresis-
tors are used to set the dc bias of the 
IA’s input nodes. The ac coupling ca-
pacitor must be large enough to pro-
vide sufficient gain but not too large 
so as to avoid excessive deterioration 
of the ac input impedance. Different 
amplifier architectures can be used 
in the IA, with folded-cascode and 
inverter-based OTAs being popular 

choices [55]. The multiplexing ratio 
needs to be optimized to solve the 
tradeoff between the power and area 
required for the ADC and its preceding 
driver [53]. A SAR ADC is commonly 
used due to its good power efficiency 
in the moderate-resolution and low-
frequency ranges. Since conventional 
ac-coupled readouts have limited scal-
ability, limited input dynamic range, 
and undesirable sensitivity to pro-
cess variation, direct-to-digital 
readout architectures have been re-
cently explored as a solution. For this, 
oversampling ADCs can be employed 
to develop recording-only or artifact-
tolerant architectures for bidirectional 
neural interfaces. Different readouts 
based on delta–sigma modulation, 
delta modulation, and a combination 
of both have been proposed; these can 
be very compact and scalable.

Overall, the field of wearable and 
implantable bioelectronics contin-
ues to evolve and improve, with new 
sensor technologies and circuit tech-
niques being developed to provide 
more accurate and comfortable mon-
itoring. In the neuroscience field, sili-
con neural probes are getting denser 
and, as shown in Figure 10, allow the 
recording of more and more neurons 
simultaneously. However, designing 
neural interfaces with increased par-
allel recording capabilities presents 
a new challenge: the data bottleneck. 
To address this challenge, ongoing 
research focuses on implementing 
on-chip data analytics. This brings 
exciting design challenges and op-
portunities for analog and mixed-
signal front-end designers.

Conclusion
Analog circuits interface the real 
world with the world of electron-
ics. The invention of the transistor 
75 years ago gave us a tiny robust 
device that could switch and am-

plify. Analog circuits use both these 
functions of the transistor in many 
varied and ever-changing ways. The 
invention of the transistor and the 
IC and the ensuing technology scaling 
have changed our world more than 
most inventions in human history. 
While technology scaling has given us 
tremendous improvements in tran-
sistor operating speed and integra-
tion density, it has also exacerbated 
transistor nonidealities, which have 
resulted in architectural and circuit 
innovations as well as in extensive 
digitally assisted analog circuit de-
sign. This review gave an insight 
into a tiny fraction of the contribu-
tions of analog circuits, from circuit 
innovation of amplifiers to architec-
tural innovations of data converters 
and system innovations in the field 
of sensor interfaces. As long as we 
live in an analog world, many more 
contributions and innovations will 
come in the future.
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