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A Roadmap for Electrical Impedance
Spectroscopy for Sensing: A Tutorial

Lorenzo A. Buscaglia, Osvaldo N. Oliveira Jr., and J. P. Carmo

Abstract—Electrical impedance spectroscopy has been
used extensively for sensing and biosensing due to the
multiple electrical properties that can be interrogated
through varying the frequency of the electrical excitation.
In this paper, we review the basic concepts and key
issues for applying impedance spectroscopy in sensing
and biosensing, with emphasis on the development of
precise, low-cost and portable instruments. An
impedance spectroscopy system can be divided into
three parts: the signal processing unit, the sensing unit
and the data analysis unit. Herein, we focus on the signal
processing unit, responsible for generating the excitation
signal and performing the impedance readout. Special
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attention is given to small and low-cost signal processing circuits, which are essential for portability and point-of-care
diagnosis. We also elaborate upon the various methods to fabricate the sensing units, including the choice of
nanomaterials and biomolecules in controlled molecular architectures. From an instrumentation perspective, we
discuss possible sources of interference in the measurement protocols. Considerable amounts of data are generated
when impedance spectroscopy is utilized with arrays of sensing units, as in electronic tongues, and in surveillance
and monitoring systems. This has motivated an increasing use of statistical and computational methods for data
analysis. We present some of these methods, with examples of information visualization and machine learning
techniques, which have been employed in analyzing impedance spectroscopy data in recent years.

Index Terms—impedance spectroscopy, review, signal processing, signal generation,

impedance readout,

biosensors, nanomaterials, information visualization, machine learning.

|. Introduction

LECTRICAL impedance spectroscopy has been used in

the characterization of materials [1] for a variety of
reasons, especially because it allows for distinguishing
interface from bulk phenomena [2]-[5]. It is also useful for
sensing and biosensing since the electrical properties of
materials are highly dependent on their interaction with the
environment. Indeed, different effects can be interrogated by
varying the frequency of the electrical stimulus, which is
exploited in determining the interfacial changes induced in
sensing experiments [6]-[9]. This has made impedance
spectroscopy a method of choice for much work on sensors
and biosensors [1], [10], [19], [11]-[18], particularly with
sensing units comprising nanomaterials that possess large
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surface area-to-volume ratios [1], [20], [21]. Electrical
impedance spectroscopy is based on applying an AC voltage
and measuring the amplitude and phase of the response current
for a range of frequencies, resulting in a complex impedance
spectrum [15]. One option relies on applying a single stimulus
formed by multiple frequencies, and performing a
simultaneous analysis through a fast Fourier transform
algorithm. However, this approach is computationally
expensive, highly sensitive to noise and its complicated signal
processing hardware implies big costs [22], [23]. As a result,
the commercial spectrometers deal with one frequency at a
time [24].

An impedance-based sensing system can be divided into three
main units. The first one is the signal processing unit,
responsible for the necessary conversions between the digital
and the analog circuits. The second part is the sensing unit,
which makes the electrical connection between the circuits
and the sample, usually a liquid or gas. The data analysis unit
is responsible for exploiting the digitalized impedance spectra
in classification algorithms to identify the sample. In this
paper we review the main concepts behind these units, with
examples from the literature. Special emphasis is given to the
spectrometer electronics that allow for portable and low-cost
implementations. We also include a brief list of applications
and challenges for using impedance spectroscopy in sensing
and biosensing. This is therefore a tutorial-like article which

XXXX-XXXX © XXXX IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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provides a roadmap for developing portable impedance
spectroscopy.

Il. SIGNAL PROCESSING

The signal processing unit receives a digital value with the
frequency to be analyzed and returns the complex impedance
result. This process may be split into excitation and reading.
The former comprises frequency generation, involving
controlled oscillation, digital-to-analog conversion and
amplitude regulation. The latter regards impedance readout
circuits, which involves response amplification, analog-to-
digital conversion and impedance calculation.

A. Variable Frequency Signal Generation

Impedance spectroscopy requires sinusoidal signals with
high harmonic quality, precise frequency, low noise and high
stability against changes in the environment, especially
temperature [25], [26]. Frequencies normally range between
0.1 Hz and 10 MHz and can be generated with a frequency
synthesizer. This synthesizer divides the output of a fixed
oscillator, or uses a variable oscillator, or even combines both.
Oscillators can be classified into resistive and resonant. The
former may be referred to as relaxation or non-linear
oscillators; they are based on switching circuits, usually
outputting a square wave, and classified as saturated and non-
saturated [27], [28]. The resonant type, also known as
harmonic, tuned, tank or linear oscillators, output a sinusoidal
signal. In this section we discuss their application.

The best option of non-linear oscillators is known as ring
oscillators and use digital circuits combined with internal and
external resistors and capacitors in their implementation [27],
[29]. This approach occupies less silicon area than a resonant
oscillator, however it has considerably higher phase noise [30]
which explains its lack of popularity in impedance
spectroscopy. The resonant ones have two main types: LC and
crystal oscillators. Fig. 1 (a) shows an LC oscillator, where
Ripss = O% R, are the ohmic losses in an inductor with quality
factor Q. The conditions for this circuit to oscillate follow the
Barkausen criterion [31], with a unitary closed-loop gain and a
360°-multiple phase delay. The amplifier provides a negative
resistance R,., allowing the circuit to oscillate at the frequency
Jose=QALC)" when Ry,>| Rl An LC oscillator generates
sinusoidal waves with good degree of purity, achieving easily
a Q of 60. However, it is extremely difficult to match a
targeted frequency due to the L and C components industrial
tolerances, which in the best case are 0.1%. A more precise
way of implementing a resonant oscillator is using a crystal.
This mechanical resonator transmits the signal through
piezoelectric effect. Fig. 1 (b) shows the symbol and
equivalent circuit of a piezoelectric crystal [32]. The electrical
components in the equivalent circuit define the crystal serial
resonance frequency f;=(27L,C,)", known as Pierce oscillator.
This signal frequency depends on various tunable properties of
the crystal, such as shape, size and elasticity. This type of
fabrication allows matching frequencies with tolerances
measured in parts-per-million (ppm) and with the addition of a
minimum Q of 10000 [32].

@ ®
t?i : .AWO__,
R,m% L T c —l‘c’ C;L
=2 -%T
Fig. 1. Circuit diagrams for (a) an LC oscillator and ?b) a crystal

oscillator with the crystal’s equivalent circuit.

Any of the above fixed frequency approaches can be
adapted to a voltage controlled oscillator (VCO), such as the
resonant LC ones that use variable capacitors (varactors) [33].
VCOs are used mostly in phase-locked loop (PLL) circuits
with a reference frequency f.. Fig. 2 (a) shows a block
diagram of a PLL, composed by a phase-frequency detector
(PFD), a charge-pump (CP), a loop-filter (LF), a VCO and a
frequency multiplier &, where the output frequency is f,,, = N
Jrer LF can be freely changed by the designer to avoid the
PLL’s prone closed-loop instability [27], [29], [33], [34]. The
LF design details, in terms of PFD and CP gain K [27/rad],
VCO gain Kyco [Hz/V] and N, can be found in reference [35].
This flexibility makes PLLs based on resonant VCOs useful
for impedance spectroscopy systems, which require sine
waves with high harmonic purity [36].

An alternative to generate the signal is a system known as
direct digital synthesizer (DDS), also widely employed on
instruments for impedance spectroscopy [15], [37]-[42]. Fig.
2 (b) shows a block diagram of a DDS comprising a reference
oscillator (RO), a frequency control register (FCR), a
numerically-controlled oscillator (NCO), a digital-to-analog
converter (DAC) and a low-pass filter (LPF). RO establishes a
maximum output frequency fzo, FCR is an ordinary register
based on flip-flops, and DAC is a straightforward
implementation either based on R-2R resistive ladders or on
current source-sinks. As illustrated in Fig. 2 (b), the tricky
component of DDS is NCO that consists of a phase-
accumulator (PA) and a sine (and/or cosine) phase-to-
amplitude converter (PAC). PAC has an internal N-bit register
(PAR) which periodically accumulates the word (FCW) stored
at FCR. It also contains lookup tables (LUTs) with 2% equally-
spaced values of a single oscillation cycle. Due to their
symmetry, just a quarter-cycle can be used with sinusoidal
waves. Usually 2V >> 2% generating a maximum truncation
phase error e ~ 360° / 2X. The DDS procedure starts with
loading FCW into FCR to define f,,;,. In each new RO cycle,
PAR accumulates FCW, resulting in PAR,.; = PAR, + FCW
(PAR, = 0), which gets instantly converted by DAC. Limited
by the register size, when PAR,,; > 2" it truncates, discarding
the first bit and allowing the oscillation cycle to restart. The
DAC output is a flat-top signal, which is then smoothed by
LPF. The output frequency is given by f,,, = fro (FCW / 2™).
This fine grain to divide the fzo makes DDSs more suitable for
impedance spectroscopy applications than PLLs.

The DDS operation can be simulated with a
microcontroller, using its memory to store the LUTs [43]. As
illustrated in Fig. 2 (c¢), the algorithm is built with a simple
structure with two adders, one multiplier block and two unit
delay cells [43]. The frequency is defined by the parameter F,
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between -0.2 and 0, and is given by f,,, = |F|% 2xT), where T
is the time for obtaining a single output data [43]. This
approach uses sum, multiplication, analog conversion and
memory access, and requires knowing the exact speed of each
operation, which is usually complicated to implement.

'cel f
’_ LPF I— cP H LF H veo
2 (a)
e \NCO
] PAC . 5
" N K [“sftes K Reconstr. | gut
: Trune. — —+ DAC F—>
. Lwr [ > LPF
____::::::::1:::::2::::::::::::::_ A mU f\/
Unit
Delay
I (b)
S o+~ Reconsc
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f Delay Delay
ref X—{F] (c)

Fig. 2. Block diagrams of (a) a PLL, (b) a DDS and (c) an algorithm to
simulate a DDS with a microcontroller.

B. Impedance Readout

The second part of the signal processing unit, namely the
impedance readout circuit, compares the excitation and
response signals and calculates the impedance, usually
including an analog-to-digital converter (ADC) and a
calculation core. ADCs have a limited voltage amplitude range
with a limited amount of bits (resolution) and provide a
maximum sampling rate. Usual impedance spectroscopy
applications employ excitation amplitudes between 10 mV and
1V (2 decades) and measure impedances between 10 Q and 10
MQ (6 decades) [15]. This requires a highly flexible
amplification strategy to fit the signal within the conversion
limits without creating flattening (small amplitude) problems.
Regarding the sampling rate, the frequency range usually stays
within 0.1 Hz and 10 MHz (8 decades) [15], requiring
hardware/software approaches capable of sweeping the full
range without exceeding a reasonable duration. The
recommended impedance measuring technique for frequencies
up to 100 kHz is the auto-balanced bridge (ABB) [24] shown
in Fig. 3 (a), based on a known feedback resistance in a
current-to-voltage (I-to-V) conversion amplification. Due to
the operational amplifier (op-amp) limitations, a modified
ABB is suggested for frequencies from 100 kHz to 110 MHz,
including null and phase detectors and a vector modulator
[24]. Both settings allow calculation through comparing
amplitude and phase shift before and after the I-to-V
conversion. This is the main approach implemented by
commercial impedance analyzers [24]. However, it has a
major requirement: the sampling must be considerably faster
than the signal frequency to avoid sub-sampling issues, such
as aliasing and precision losses [15]. To fulfill this

requirement for the highest frequencies one has to employ
high-cost acquisition hardware, which hampers customized
biosensing developments [44].

Most applications of electrical impedance spectroscopy in
sensors and biosensors are made with frequencies below 100
kHz. This range is compatible with usual op-amps, allowing
for low-cost spectrometers. Indeed, a low-cost (~ US$S 20)
impedance analyzer AD5933 was made available by Analog
Devices. It contains a DDS synchronized with an ADC and a
1024-point single-frequency discrete Fourier transform (DFT)
multiply-accumulate (MAc) core and an I°C communication
interface [45]. This simplified hardware depicted in Fig. 3 (b)
has only four options of AC amplitude, with limited
impedance (>1 kQ) and frequency (1 kHz to 100 kHz) ranges.
In addition, it requires a judicious choice of amplification and
calibration resistances for each application. Even with these
limitations, AD5933 represented a breakthrough for low-cost
impedance systems, appearing in its minimal configuration
several times in the literature [46]-[49]. Some of the
limitations have been surpassed with complementary
peripheral circuits [50]-[56], as done in the first fully open-
source device [44] and in ‘Simple-Z’ [57], a homemade
spectrometer developed in our group. The “lock-in approach”
shown in Fig. 3 (c) is an alternative for measuring impedance
within the same ranges and avoiding fast sampling [58]-[61].
The response signal is analogically multiplied with sine and
cosine references and passed through LPFs, outputting two
DC signals representing the real (resistance) and imaginary
(reactance) impedances [58]-[61]. This concept has been
modified to return signals representing impedance magnitude
and phase, through replacing the multipliers with modulation,
comparison, XOR and integration circuits [62], as represented
in Fig. 3 (d).
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Fig. 3. Circuit/Block diagrams of (a) ABB, (b) AD5933, (c) the lock-in
approach and (d) the phase/magnitude approach.
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C. Instrumentation Challenges

An important issue related to signal processing is in the
limitations of circuit fabrication. Analog signal processing is
subjected to parasitic resistances, capacitances and
inductances that alter amplitudes and phases in unwanted
ways. For example, digital potentiometers such as AD5252
(Analog Devices) [63], which can be implemented as an op-
amp variable feedback resistance, have significant amplitude
and phase deviations for frequencies above 10 kHz [63].
Similarly, low-noise op-amps such as the AD860X (Analog
Devices) series, have unideal capacitances that compromise
their performance above 100 kHz [64]. Depending on the
degree of impact, these problems may be addressable through
software calibration. An additional issue involves the
reconstruction LPF, which in some cases needs to be altered
during the frequency sweep. For example, when measuring
between 1 Hz and 100 kHz (5 decades), the LPF appropriate
for the first decade (1-10Hz), might filter the main sinusoidal
frequency if used for the last decade (10-100 kHz). The most
practical solution to this problem is the selective filtering with
low-noise analog multiplexing circuits (e.g. ADG7XX
(Analog Devices) series) [65]. However, their parasitic
capacitances have to be considered for the filtering
calculations, and can even constrain the frequency range.

IIl. SENSING UNITS

Impedance spectroscopy sensors are typically fabricated
through depositing electrodes over substrates and coating them
with thin films of appropriate materials. These films are
usually made of nanostructures, as sensitivity is enhanced
when films are ultrathin. If the sensing units are biosensors,
the coatings comprise a matrix onto which a bioactive layer is
deposited. With molecular-specific interactions, these
biosensors may be employed in clinical diagnosis and
monitoring health conditions. Another extension in
applications is made using an array of sensing units, rather
than only a single unit. In this section we shall describe these
components, including issues that might affect sensitivity and
reproducibility.

A. Substrates and Electrodes

In sensing with impedance spectroscopy the electrical
current goes through multiple materials and interfaces that can
be represented by complex impedances [10], [15]. On one
hand, serial impedances are dominated by the biggest
magnitudes, motivating electrodes made from materials much
more conductive than the sample [15]. Noble metals, e.g. gold
[6], [20], [66]-{69], silver [70]-[72] and platinum [73], [74],
or other inert metals, such as stainless steel [75], [76] and
chromium [77], are normally used. On the other hand, parallel
impedances are dominated by the smallest magnitudes,
requiring highly insulating substrates, for example glass [67],
[68], [78], silicon [69], [79]-[81], quartz [82] and alumina
[78], [83]. The recent attempts to reduce costs for disposable
sensing units escalated research into flexible materials,
including plastics and bio-based materials such as cellulose-
related substrates. Two worth highlighting areas are paper-
based sensor devices [70], [84]—[87] and wearable [87]-[91]
or implantable devices [92]-[94]. The latter has very stringent

requirements regarding mechanical properties in addition to
biocompatibility. Electrodes are fabricated via sputtering, for
metal deposition, or with adsorption or printing, for inks and
carbon-based materials. Screen printing and 3D printing, in
particular, allow for mass production [95], [96].

The distribution of the electric field affects the detection
sensitivity and depends on the electrodes geometry [18], [97],
[98]. Most electrical impedance-based detections use
interdigitated electrodes [7], [14], [17], [18] which may be
obtained at low cost and provide good distribution within a
limited area, increased signal-to-noise ratio, and can be used
with small sample volumes [7]. The usual design shown in
Fig. 4 (a) consists in coplanar microelectrodes with meshed
parallel straight fingers forming a rectangular sensing area,
fabricated by photolithography [7]. Modifying the interdigits
width and interspacing can optimize sensitivity for specific
applications [7], [97]. Variations of this bi-dimensional design
have been explored, including wave [99], circular [100] and
spiral-shaped electrodes [101], shown in Fig. 4 (b, ¢ and d),
respectively. A few three-dimensional interdigits have been
explored to cover channel walls in microfluidic applications
[102]. Beside interdigitated electrodes, simpler designs are
used, e.g. parallel [103], [104], cylindrical [105], round [106],
[107] and acicular [108] electrodes. Practically any shape can
be implemented with a multi-polar sensing unit an approach
that also redistributes the current paths.

(a (b)

Fig. 4. Interdigitated microelectrodes design with (a) straight, (b) wavy,
(c) circular and (d) spiral digits.

B. Nanomaterials for Sensors and Biosensors

The main trust in the use of nanomaterials is to increase
selectivity (in the case of biosensors) and sensitivity [109],
[110]. Nanomaterials can be used either in matrices or in
active layers, upon exploiting the variety of molecular
architectures obtained through methods allowing control in the
nanoscale. The most common ones are Langmuir-Blodgett
(LB) films, electrostatic layer-by-layer (LbL) films and self-
assembled monolayers (SAM) [21], represented in Fig. 5 (a, b
and c), respectively. The LB technique is based on transferring
monolayers from insoluble molecules, organized by Van der
Waals interactions at the air-water interface, onto solid
supports  [1].  Deposition via physical adsorption
(physisorption) is possible on hydrophilic or hydrophobic
substrates, through a slow vertical movement, and multilayer
films can be obtained by repetition [1]. One limitation of the
LB technique is in the difficulty in depositing soluble
molecules, which requires special protocols [1]. This
limitation was circumvented with LbL films, made from
molecules in polyelectrolyte solutions deposited through
electrostatic forces [1]. Furthermore, they do not require
dedicated equipment, once a few beakers suffice. In contrast to
these methods, SAMs are obtained with chemisorption on the
substrates [111]. They are restricted to a much smaller number
of possible molecules due to the chemical bonding
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requirement, but are more mechanically stable [111]. The
choice of the fabrication method depends on the materials
employed and the principles of detection. All three techniques
allow for films fabrication in a layer-by-layer fashion [112],
being thus complementary to each other. They also allow
immobilizing biomolecules, with their bioactivity preserved
[20], and for seeking synergy in the deposition of distinct
nanomaterials in the same film.

Hydrophobic Tail
Hydrophilic Head

Physisorption
Flectrode
Substrate

Anion
Cation
Physisorption
Electrode

., Substrate

Functional Group
Head Group
Chemisorption
Electrode
Substrate

Fig. 5. Representations of the medium used and the resultant
deposition of films or monolayers through the (a) LB, (b) LbL and (c)
SAM techniques.

The sensing units almost always contain an ultrathin film
coating the electrodes. As already mentioned most these
coatings involve nanomaterials, as discussed at length in
reference [112]. Carbon-based materials such as carbon
nanotubes and graphene have been prominent in sensors and
biosensors, where in the latter they usually comprise the
matrix for the immobilization of biomolecules [112]. Also
worth mentioning are the metallic nanoparticles, especially
silver and gold, as they affect the electrical properties of the
sensing units, which may be exploited in increasing the
sensitivity [112]. Similarly to the carbon-based materials,
nanoparticles can be incorporated in the matrix of biosensors

[112]. The synergy sought in combining nanomaterials and
biomolecules is perhaps the most important feature in
developing biosensors at present. The extensive use of
biosensing has motivated the establishing new nomenclatures
in the topic. It is often the case that biosensors are referred to
by their classes. Then, biosensors can be called enzymatic
biosensors, immunosensors when the antigen-antibody
interaction is explored, and genosensors for detecting genetic
material (DNA or RNA) [112]. DNA-based sensing is
expected to change the landscape of clinical diagnosis, as it
can replace expensive procedures such as polymerase chain
reaction (PCR) that requires sophisticated equipment [9],
[113]. An example of a genosensor is the highly specific
detection of a DNA sequence of SARS-CoV-2, which was
performed with a portable impedance analyzer [57]. The most
popular biosensors, available in commercial products, are
made with enzymes. The immobilization process of the
enzymes is performed with various techniques, for example
with LbL films for detecting catechol [114].

C. Arrays of Sensing Units

Impedance spectroscopy is also useful in sensing tasks
where an array of sensing units is employed, rather than a
single unit. Two main cases require such arrays: (i)
monitoring/detecting multiple analytes, using distinct
sensors/biosensors, and (i) mapping impedance spatial
distribution, using identical units. An example of the former
case is an electronic tongue for taste detection in liquid
samples, represented in Fig. 6 (a), where multiple sensing
units of different materials provide a matrix of information for
global selectivity [75]. The latter case is represented by
tomographies, as in Fig. 6 (b and c), where the bi or tri-
dimensional location of each tissue is sought [115], [116]. In
these applications identical electrodes strategically distributed
in a spatial matrix. The impedance results through this matrix
are combined to produce the desired image [10], [116], [117].
Similar approaches are used for measuring position, growth
and movement [118]-[121]. In most uses of the arrays
mentioned numerous measurements have to be performed,
which can be done simultaneously with very high-speed
sampling circuits, using sample-and-hold techniques [15],
[122], or with parallel-acquisition circuits [123]. However,
these simultaneous sampling approaches result in expensive
systems. Low-cost alternatives reside in sequential
measurements, automatically performed with programmable
switching circuits. Relays are useful for laboratory settings
[124], but their high dimensions, weight and power
consumption hinder portable applications. Smaller CMOS
analog multiplexers, e.g. the ADG7XX series [65], are
suitable for portable and wearable systems. Indeed, in recent
years pixel-like matrices of sensing units were incorporated
into the CMOS circuits [73], [119], [125], [126]. This
approach allows for a very large number of electrodes, useful
for example for cells counting, as shown in Fig. 6 (d) [125].
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Fig. 6. Arrays of sensing units and visualization techniques for (a) an
electronic tongue [75], (b and c) bi-dimensional tomographies [115],
[116] and (d) pixel-based cell counting [125].

D. Common Interferences

In highly-sensitive detection techniques, slight systematic
errors can compromise the results. In sensing with electrical
impedance spectroscopy there are two main issues to consider:
electrode polarization and tracks exposure. Polarization is
relevant in electrolytic solutions where the electrodes surface
tend to get covered with a layer of ions, of opposite charges,
forming an electrical double layer [15]. This phenomenon,
represented in Fig. 7 (a), produces a capacitive electrical
barrier, often modeled as capacitance in series with the sample
[15]. The impedance of the double layer is higher at low
frequencies. When it is much higher than the sample
impedance, the sensitivity is compromised [127]. The
establishment of the double layer may take some minutes
[128], and this needs to be considered in measurement
protocols. The polarization impedance depends on the
electrodes material, with platinum being advantageous,
especially if platinum black is used, which can reduce
polarization impedance by up to four orders of magnitude
[128]. Since varying the electrodes geometry can also reduce
polarization [129], interdigitated nanoelectrodes with
dimensions near the Debye length (hundreds of nm) have been
explored to enhance sensitivity [130], [131]. As for the
interference regarding the connection tracks in contact with
the liquid sample, it results in a parallel capacitance in the
impedance model that also affects the detection performance
[132], [133]. The tracks width has a direct relation to the
normalized impedance variation [133]. Aiming for a
reproducible measurement, several articles include an
insulation layer (usually PDMS) that works as a chamber for
the liquid sample [83], [134], [135], as shown in Fig. 7 (b).
This also avoids variations in the drop interfacial area [83],
[135].

Anions

Cations | - Sample Drop

S :-/

Ins. Layer
Electrode

4 [a) Substrate - (b)

Fig. 7. Representations of (a) electrode polarization and (b) a sensor

with an insulation layer.

IV. BIOSENSING AND OTHER APPLICATIONS

The number of papers published involving the use of
impedance spectroscopy for sensing and biosensing has
increased steadily of the last decade. A brief survey in
scientific databases retrieves more than 10,000 papers, which
also include electrochemical impedance spectroscopy — not
considered in this review paper. Most of this work was
produced since 2000, as the number of papers per year in the
early 1990s was just a few. Review papers have covered
considerable parts of this work, normally with focus on
applications. For example, impedance-based electronic
tongues have been reviewed in reference [136]. In recent years
we note an increasing emphasis in biosensors, especially with
low-cost systems that are being developed toward point-of-
care diagnosis. Because of this trend we present below just a
summary account of impedance spectroscopy for biosensing.

Nearly all articles in this topic can be classified into three
groups: clinical diagnosis, food quality control and cell
cultures monitoring. The first group is dominated by the
detection of viruses and microorganisms, such as those for
Avian Influenza [137], Hepatitis B [138], HPV16 [139] ,
Covid-19 [57], E. Coli [70], [140]-[142], S. Aureus [110],
[143], [144], S. Epidermidis [145], M. Tuberculosis [72],
Salmonella Typhi [146] and Brettanomyces [147]. Research
into early cancer diagnosis is right behind, including breast
[21], [69], [103], prostate [9], [148], pancreas [20], [149]—
[151], colon [152] and thyroid cancers [153]. Body
composition bioimpedance analysis (BIA) [154] and
impedance cardiography (ICG) [13] are also noteworthy, since
they constitute the most commercially explored applications.
Other health-related biomarkers such as cholesterol [155],
cortisol [104], pH [87], glucose and triglycerides [156], have
also been detected with impedance spectroscopy. Now
regarding the second group, food quality involves the analysis
of taste and composition, especially for contamination or
adulteration. Electronic tasting has been proved useful for
wines [157], honey [158], mineral water [159], ice-cream [76].
and fruits [160]. Contamination can occur with bacteria,
detected as for clinical diagnosis, or with toxic pesticides,
detectable through electronic tasting [161]. The last group of
articles also involves cell cultures, such as bacteria or tumors,
however with focus on low-cost and fast alternatives for
monitoring quantity and position, usually with arrays [120],
[162].

V. DATA ANALYSIS AND CLASSIFICATION

The trend toward ubiquitous sensing and biosensing, in
surveillance, monitoring and diagnosis systems, has led to an
enormous amount of data, whose processing requires
computational and statistical tools. In order to deal with such
data, it is useful to recall that from a conceptual - or semantic -
perspective, sensing or biosensing corresponds to a
classification task. This definition is relevant because of the
large body of knowledge accumulated over the years to
classify objects or processes, mostly by research communities
in statistics and computer science [12], [163], [164]. Data
from sensors and biosensors have long been treated with
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statistical methods belonging to the realms of chemometrics
[165]. There are some applications in which the necessary
classification can be done by measuring impedance at a single
frequency, chosen from the spectra to optimize the detection
sensitivity. In these cases, a calibration curve relating the
impedance to the sought property is used [20], [69], [166],
[167]. When this is possible, it naturally allows for
implementations based on very low-cost single-frequency
hardware. However, disregarding the rest of the spectrum
means that the potential of classification is diminished,
especially as far as selectivity is concerned. In recent years
sensing and biosensing data analysis has been extended with
the use of information visualization (InfoViz) methods [19],
[168]. These embrace linear techniques, such as principal
component analysis (PCA) [19], [161], [168], [169], and non-
linear ones, such as Sammon’s mapping [19], [144], [166],
[168], [170], interactive document mapping (IDMAP) [19],
[109], [110], [144], [168], [170], [171] and parallel
coordinates [19], [110], [112], [168]. It is noteworthy that the
non-linear technique IDMAP, exemplified in Fig. 6 (a), was
conceived to classify texts and turned out the most efficient
one for biosensing data analysis, enhancing the capability of
discriminating complex samples. Perhaps the most relevant
advantage of InfoViz is the ability to process a whole dataset
rather than portions of it, as normally done in manual analysis.
Furthermore, it is possible to perform feature selection by
assessing the discrimination ability of the sensing units with
metrics such as the silhouette coefficient [9], [19], [110],
[148], [168].

Data analysis with these multidimensional projections can
be complemented with unsupervised and supervised machine
learning (ML) [172]. Both have been proven effective in
classification tasks, in spite of its limitations in addressing
problems requiring interpretation. Therefore, the trend toward
ML to analyze sensing and biosensing data seems irreversible
(see for instance some discussion in other review papers [12],
[163], [164], [173]). The effectiveness of ML methods
depends on the amount of data and its coverage of the universe
under analysis. In such approaches, different types of data may
be integrated to improve classification, especially for clinical
diagnostics as the ones cited in section IV. Besides impedance
spectroscopy scientific data, text and images can also be
employed [109]. To our knowledge, the first use of ML for
impedance spectroscopy data was for correlating electronic
tongue results with human taste for Brazilian coffee samples
[174]. Since then, several articles explored this approach
[175]-[177], and the new concept of multidimensional
calibration space based on machine learning is likely to further
boost such applications [doi:10.1246/bcsj.2020-0359].

VI. CONCLUSIONS AND FUTURE PERSPECTIVES

In this survey we have described the basic concepts, latest
developments and instrumentation issues of the different parts
of an electrical impedance spectroscopy system, which have
mostly been considered separately in the literature. The major
emphasis was given to the signal processing circuitry in order
to cover the significant progress in recent years. This progress
is making it possible to overcome bottlenecks that prevented
the implementation of portable devices. More specifically, we

introduced a kind of roadmap for implementing low-cost
portable impedance spectroscopy devices, much cheaper than
the available commercial impedance analyzers (> 1k USD).
The reduction in price may now enable a global and massive
use of impedance spectroscopy in higher education
laboratories, in addition to its application for point-of-care
clinical diagnosis, food quality control and cell culture
monitoring. Also discussed in the paper were the data analysis
methods, including information visualization and machine
learning, which will be essential to deal with the large
amounts of data to be generated in these envisaged
applications.
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