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Simple-Z: A Low-Cost Portable
Impedance Analyzer

Lorenzo A. Buscaglia , João Paulo Carmo , and Osvaldo N. Oliveira Jr.

Abstract—The use of electrical impedance spectroscopy
in point-of-care systems or for online monitoring has been
hampered by the high cost of typical benchtop impedance
analyzers. In this article, we introduce a portable, low-cost
impedance analyzer, referred to as “Simple-Z,” which con-
tains a signal processing unit that allows for a precise
generation and reading of the excitation and response sig-
nals. Simple-Z is based on the integrated circuit AD5933 in
conjunction with peripheral circuits for a fine output ampli-
tude regulation, flexible response amplification, sampling
rate control, automatic calibration, and external communi-
cation. Software solutions were implemented, including the
strategical register overflow to allow decreasing frequency
sweeps, the control of the number of acquisition cycles to reduce the spectral leakage of the discrete Fourier transform
(DFT), and the iterative approximation for defining proper response amplification and calibration resistances. The
software also included a graphical user interface (GUI) with entries, buttons, and graphs that allow for an intuitive
usage of the device. Results generated with Simple-Z in equivalent circuits mimicking sensing systems and in aqueous
solution of different Na2SO4 concentrations were essentially identical to those obtained with a commercial benchtop
impedance analyzer. Since the cost of the circuitry and components to fabricate an instrument is near U.S. $100 and
because Simple-Z was designed to allow for easy upscale to mass production, one may expect it to be deployed in point-
of-care diagnosis systems. Furthermore, it can also be used in teaching laboratories for training students in electrical
impedance spectroscopy.

Index Terms— AD5933, biosensing, biosensor, calibration, electronic, impedance analyzer, impedance spectroscopy,
sensor, signal processing, Simple-Z.

I. INTRODUCTION

ELECTRICAL impedance spectroscopy has been utilized
in a variety of applications from materials characteri-

zation to clinical diagnosis using biosensors [2], [3]. Among
other features, impedance spectroscopy allows for distin-
guishing from interface and bulk phenomena, which is useful
particularly for (bio)sensing as the sensing units are made with
nanomaterials and biomolecules that are sensitive to interface
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effects [4]. The use for bio(sensing) of electrical impedance
spectroscopy, and its counterpart in electrochemistry
(electrochemical impedance spectroscopy), has been reviewed
in [2] and [5], where their main advantages are highlighted.
These advantages include high sensitivity as the electrical
properties at liquid interfaces, including liquid–solid inter-
faces, are highly dependent on the microenvironment [6], [7].
Indeed, any small change in the electrolyte composition or
on the ultrathin films of the sensing units is captured with
impedance spectroscopy, especially because one may probe
the electrical response at distinct frequencies. The electrical
response in such sensors is governed by distinct mechanisms
depending on the frequency. At high frequencies, above 105

Hz, the response is mostly due to capacitive effects, while
at intermediate frequencies—around 103 Hz—the response
depends on the film properties. At low frequencies, 102 Hz and
below, the response depends mostly on double layer effects [8].
This frequency dependence allows for ample opportunities of
feature selection to process impedance data, as it has been
exploited with machine learning methods [9], [10]. Sensing
with impedance spectroscopy today affords sensitivity
and selectivity comparable to more sophisticated methods,
including polymerase chain reaction (PCR) or enzyme linked
immunosorbent assay (ELISA) [11]. Research into this area is
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TABLE I
IMPEDANCE ANALYZERS COMPARISON

normally done using benchtop instruments (not portable), such
as Solartron 1260A (Ametek), E4990A (Keysight), and MFIA
(Zurich Instruments), whose cost is above U.S. $10 000. It is
possible, nevertheless, to perform experiments with portable
instruments, thus permitting the development of biosensing
platforms within the point-of-care paradigm [10], [12]. This
has been mostly explored with potentiostats, for which
commercial instruments have been made available for some
time by brands, such as Metrohm and PalmSens, among
others. Furthermore, homemade potentiostats have also
been reported [13], [14], [15]. The same does not apply to
impedance spectroscopy as only recently have commercial
impedance analyzers become available in “portable” models,
however not yet wireless or self-powered. One example is
Sensit Smart (PalmSens), but its cost is still relatively high
(>U.S. $1000) for deploying in point-of-care systems.

To the best of our knowledge, the first published attempts
of developing a low-cost wide-spectrum impedance analyzer
were in 2010 [16], [17]. They were based on the inte-
grated circuit AD5933 (Analog Devices), which provides some
basic signal processing functions for a highly competitive
price (∼U.S. $20). Since then, multiple strategies have been
employed, separately, to increase amplitude, frequency, and
impedance ranges, as well as precision and user experience,
among other limitations of AD5933 [18], [19], [20], [21].
However, only costly commercial alternatives met all biosens-
ing requirements simultaneously. Approaches using low-cost
(∼U.S. $30) field-programmable gate arrays (FPGAs) do
not exempt the need for an external analog front-end for
amplifications, calibration, conversions, and filtering, aside
from being only adequate for low production volumes (up
to 1000 units) [22], [23], [24], [25], [26]. Furthermore, the

commercially available FPGAs that include an internal oscilla-
tor (OSC) are much more expensive. With the aim of making it
possible to employ sensors and biosensors based on impedance
spectroscopy in point-of-use settings, we developed Simple-Z:
a portable, precise, and low-cost impedance analyzer. Table I
presents a comparison between some impedance analyzers,
including Simple-Z, considering features, performance, and
cost. Complementary tables can be found in [18], [19], [20],
and [27]. Beyond merging ideas implemented in the literature,
our design includes new strategies for output and response
amplitude regulation, discrete Fourier transform (DFT) calcu-
lation, and impedance calibration, among others. The system
is divided into three parts: the signal processing unit, which
generates the excitation and reads the response; the sensing
unit(s), which interacts physicochemically with the sam-
ple; and the data analysis unit, which classifies the spectra
obtained.

II. DESIGN OF THE ELECTRONIC CIRCUITRY

The central component of the impedance analyzer is
the integrated circuit AD5933, which comprises an output
frequency generation, output amplification, response amplifi-
cation, impedance readout, calibration, and communication.
Particularly for sensing, these AD5933 components had limi-
tations that were overcome in the design of Simple-Z, with the
electronic diagram shown in Fig. 1. This diagram uses color
blue for AD5933 embedded circuitry (arrows define digital
signal flux), black for the external circuitry implemented in
this project, orange for units outside Simple-Z, and green for
the circuit functional groups described in Sections II-A–II-F
(dashed green lines connect distant parts of the same functional
group).
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Fig. 1. Electronic diagram of Simple-Z. Source: adapted from [1].

A. Frequency Generation
AD5933 contains a direct digital synthesizer (DDS) shown

in Fig. 1, which generates a sinusoidal signal with digitally
controlled frequency defined by a programmable 24-bit fre-
quency control register (FCR) and 16.776-MHz internal OSC.
A 27-bit phase accumulation register (PAR) accumulates FCR
at OSC rate and provides its first bits as address for the
digital-to-analog converter (DAC) to access one of the equally
spaced sine values in its lookup table (LUT). PAR truncates
after sufficient accumulations, resulting in an organized and
cyclic conversion of the sinusoidal values inside LUT at a
rate established by OSC and with (memory) steps established
by FCR. The list of frequencies to be analyzed is defined
by programming the registers for the initial frequency, the
frequency step size, and number of steps, implying increasing
order and linear separation. The frequency changes through
a “frequency increment” command, which adds to FCR the
value inside a 24-bit frequency increment register (FIR),
meaning the frequency cannot be directly reduced. However,
performing this command sufficient times permits overflowing
the FCR and obtaining decreasing frequency order, vastly
utilized in the literature for impedance spectroscopy. Varying
the FIR value before each “frequency increment” also allowed
for logarithmic separation, useful for measurements involving
multiple frequency decades. Both solutions were implemented
in software.

B. Output Amplification
Four options are provided by AD5933 for output ac ampli-

tude (50, 100, 500, and 1000 mV), with distinct dc amplitudes
(200, 300, 750, and 1500 mV, respectively). Several limitations
appear with these values, since in some biosensing applica-
tions, ac amplitudes down to 10 mV are required. A second
issue is the lack of control over the dc amplitude, which can
impact polarization and produce unwanted chemical reactions,
besides complicating the processing of the response signal.

The first ac amplitude limitations were solved with a negative
feedback variable amplification using an operational amplifier
(OP-AMP) AD8606 coupled with an 8-bit (256 positions)
digital potentiometer AD5252. This, combined with the four
amplitude options given by AD5933, resulted in an ac ampli-
tude range from 10 to 1000 mV, with resolution going from
2% (0.2 mV) for the lowest and 0.4% (4 mV) for the highest
amplitudes. The dc amplitude issue was solved through using a
12-bit DAC MCP4725 output as “virtual ground,” connected
to the positive OP-AMP input, in the former amplification.
This approach permitted suppressing the dc amplitude (0 V).
Another limitation of AD5933 is its low current limit, which
constrains the impedance range to values over 1 k�. We used
the secondary OP-AMP inside AD8606 in “follower” mode to
allow for measuring impedances down to 100 �. The resulting
circuit is shown in Fig. 1.

C. Response Amplification
For acquiring the response signal, AD5933 provides an

analog-to-digital converter (ADC) ranging between ground
(GND, 0 V) and supply voltages (VDD, 3.3 V), with a 12-bit
resolution (4096 positions). A successful acquisition of any
ac signal requires its amplitude to be smaller than the con-
version range (<3300 mV) to avoid voltage saturation. Also,
the signal should be considerably larger than the maximum
resolution (≫0.8 mV) to avoid a flat or deformed reading.
These requirements imply the need to amplify the response
amplitude, which depends on the excitation amplitude and on
the unknown impedance (Z) magnitude. AD5933 provides
a first amplification stage based on an external feedback
resistance (RFB) to be chosen by the user for the Z range of
a specific application. Additionally, it provides a two-option
(1× or 5×) programmable gain (KPGA) to cover small vari-
ations in Z without having to replace RFB. However, these
features are not sufficient for a versatile impedance analyzer.
In Simple-Z, the output signal is programmable between
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101 and 103 mV (two decades) to measure impedances
between 102 and 106 � (four decades). Therefore, the response
amplitude can vary within several decades for different appli-
cations. To multiply the choices of RFB, we introduced
the 8-to-1 analog multiplexer ADG728 (Analog Devices)
with seven options for RFB, as in Fig. 1. Combined with
KPGA, it resulted in 13 logarithmically distributed amplifi-
cation options. Furthermore, an iterative software solution
was developed to find the appropriate response amplification
automatically for an unknown Z .

D. Impedance Readout
The correlation of the impedance with its excitation voltage

and response current can be given by

Z = VEXC/IRES. (1)

The AD5933 microdevice measures the current through the
autobalanced bridge mentioned in Section II-C, which follows
the equation:

VI = RFB · IRES. (2)

Because of its linearity, AD5933 uses the DFT for the
acquisition of IRE S based on the following equation:

DFT(IRES) = DFT(VI )/RFB. (3)

Equation (3) comprises a multiply-accumulation core, which
performs a single-frequency DFT using 1024 sequential ADC
acquisitions performed at 1/16 of the OSC frequency. This
method may lack precision due to three main reasons: spectral
leakage, undersampling, and interference. To mitigate leakage,
we developed a cost-effective solution that relies on distribut-
ing the acquisition along several signal cycles (>10), thus
“diluting” the leakage. Since distributing 1024 acquisition
points along too many cycles can lead to undersampling
issues, we established a maximum number of cycles for the
acquisition length (<102). We used the programmable clock
Si5351 (Silicon Laboratories) as an external OSC for AD5933,
as presented in Fig. 1. A different OSC frequency was imple-
mented for each decade of signal frequency, allowing for a
wide measurement range (from 1 to 105 Hz). This solution
led to interference by the top-flat shape of the sinusoidal wave
created by DDS in the DFT calculation, which introduces
unwanted harmonics. The reconstruction low-pass filter (LPF)
embedded in AD5933 is only useful for high frequencies of
the OSC. For low frequencies, we built an external variable
reconstruction LPF based on a second ADG728 that estab-
lishes a five-option (one for each decade) first-order active
LPF, as shown in Fig. 1. The capacitance and resistance values
were chosen to filter all frequencies above the maximum signal
frequency of each decade. The resultant time constant of the
filters was around 0.15% of the total acquisition time, for all
frequencies, thus insignificantly affecting the results.

E. Impedance Calibration
For measuring the excitation voltage VEXC, the datasheet of

AD5933 recommends manual replacement of Z with a cali-
bration resistance RCAL and then repeating the measurement
procedure.

Fig. 2. Simple-Z (a) fabricated circuit, (b) fully mounted, and (c) con-
nected for sensing. Source: adapted from [1].

This leads to

VV = −(RFB/RCAL) · VEXC (4)

onto which a DFT can be applied, resulting in the following
equation:

DFT(VEXC) = −(RCAL/RFB) · DFT(VV ). (5)

With this second DFT result, the complex impedance can
be obtained through

Z = RCAL · DFT(VV ) · DFT(IRES). (6)

The precision of this calculation depends strongly on the
proximity of RCAL to the magnitude of Z , which is a
problem when the aim is a versatile analyzer with a wide
impedance range. In our approach, we used DFT(IRES) for a
rough estimation of Z magnitude and then replacing Z with
the corresponding RCAL using a third ADG728 with seven
calibration resistances, introduced in Fig. 1, logarithmically
distributed from 102 to 106 �.

F. Serial Communication
AD5933 only includes memory for storing a single DFT

result, in two (real and imaginary) 16-bit registers. For spec-
troscopy to be performed, AD5933 includes an I2C serial
interface that allows for communicating the values inside these
registers to a microprocessor, which can store and process
them. The I2C protocol uses two connections: a timing refer-
ence and a data channel. These connections are shared between
several integrated circuits inside Simple-Z, once I2C assigns
a unique address to each. However, computers required for
processing the impedance spectra normally use universal serial
bus (USB) protocols. To bridge between these technologies,
we employed the microcontroller Arduino Mega 2560 with
I2C and USB interfaces, as in Fig. 1. It also provides suffi-
cient memory to store the electrical impedance spectroscopy
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algorithm, which yields multiple integrated circuits and to
perform a preprocessing of the measurement data before
communicating it to the computer.

III. MANUFACTURING

The first prototyping steps were taken using stripboards
to accelerate the circuit fabrication process. For the final
prototype, a printed circuit board (PCB) was designed using
the EasyPCB software. The surface-mount devices (SMD) ICs
were soldered onto dual in-line package (DIP) adaptors to
simplify their replacement. The microcontroller was assem-
bled under it to reduce horizontal dimensions, as shown in
Fig. 2(a). The PCB was fabricated with the traditional method
of selective corrosion for a double-sided copper-clad laminate,
involving photosensitive ink painting, selective UV curing,
noncured ink removal, and corrosion of exposed copper.
The casing was designed in Autodesk Inventor software and
fabricated with 1.75-mm white polylactic acid (PLA) filament
in a GTMax3D printer. It allowed protection to moisture,
dust, unwanted electrical contacts, and small impacts. The
casing has one opening for USB connection, two for analog
connections (red and black), and its logo inscribed at the
top, as can be seen in Fig. 2(b) and (c). The whole system,
including ICs, casing, and connections, had a cost near U.S.
$100.

IV. SOFTWARE

The system comprises a sequential algorithm stored in
the microcontroller memory, responsible for executing the
electrical impedance spectroscopy measurement steps. This
algorithm was developed in C++ language in Arduino IDE,
as summarized in the flowchart of Fig. 3. The “settling” refers
to the number of signal cycles to wait before starting the
acquisition, useful to avoid transient phenomena. Considering
zero settling time, points in the first frequency decade take
a minimum of 20 s to be measured, due to the minimum
number of measurement cycles, which get repeated during the
calibration process. This required time is reduced ten times
in each of the following decades, giving an idea of the total
time of a spectroscopy, depending on the desired parameters.
In practice, during our experiments, it resulted slightly faster
than Solartron 1260A.

A second algorithm is executed simultaneously in the
computer, responsible for interacting with the user, thus
event-driven with a graphical user interface (GUI). This
algorithm was developed using Python language with Tkin-
ter (https://docs.python.org/3/library/tkinter.html) and included
buttons, text entries, and graphs, which can be seen in Fig. 4.
It is worth noting that the settling period can be set in cycles
or milliseconds; however, ultimately Simple-Z transforms the
milliseconds into the correspondent (rounded) cycles for each
frequency, having a maximum (2044 cycles) established by
AD5933.

V. RESULTS

The possible reproducibility in manufacturing was verified
through the fabrication of four additional instruments, which

Fig. 3. Flowchart of the sequential impedance spectroscopy algorithm
of Simple-Z. Source: adapted from [1].

are shown in Fig. 5. They had the cases of different colors
and PCBs obtained from JLCPCB Company. Each case took
5 h to fabricate, while the manual soldering of each PCB
was a 7-h process. Although the number of instruments
fabricated is small, the reproducibility of their results indicates
that mass production of Simple-Z is feasible. In particular,
3-D printing can be accelerated (down to seconds) using
the injection technology, and the soldering time can also
be diminished (down to minutes) with the surface-mount
technology.

The error and the standard deviation of Simple-Z results
were measured through a comparison with the commer-
cial impedance analyzer Solartron 1260A. Since (bio)sensors
have a considerable standard deviation, we opted for using
high-precision resistors and capacitors to build four equiva-
lent circuits, whose electrical response would approximately
correspond to those of human tissues. Obtained from the
literature and adapted for the commercial values available, they
included a Cole–Cole model for biceps [28] and circuits for
breast cancer cells [29], blood [30], and forearm [31]. The
circuits diagrams can be observed at the top panels of Fig. 6.
We performed 3 measurements with each circuit, ranging
between 1 and 105 Hz with 500-mV amplitude. The average
Bode plots for the 4 cases, also at the top panels of Fig. 6,
indicate the similarity in response for Solartron 1260A (solid
line) and Simple-Z (circles). The differences (dif) between
these devices are shown in the middle panels of Fig. 6. The
magnitude is represented in percentage, as relative difference,
by dividing the difference by Simple-Z’s measured average
magnitude. It is significant that the maximum impedance
magnitude deviation is ca. 8%, staying mostly under 2%, and
the maximum phase deviation is ca. 6◦, being mostly below 2◦.
Most impedance-based detections use relative variation against
a reference or “blank”, which means that random deviations
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Fig. 4. Screenshot of Simple-Z’s GUI. Source: adapted from [1].

Fig. 5. Five copies of Simple-Z. Source: adapted from [1].

are more compromising than comparative errors. The standard
deviations (std) of the triplicated measurements of Simple-Z
are shown in the bottom panels of Fig. 6, being less than 1%
(relative standard deviation) in magnitude and 1.5◦ in phase.
The power consumption of the device was monitored using a
Kewesi USB current meter and resulted in 0.45 W (0.09 A) in
the standby mode and 0.55 W (0.11 A) during measurements,
independently of the frequency, amplitude, and impedance
values.

Among all the parameters that may affect the impedance
of a solution, the concentration of electrolytes may be the
most relevant. As a proof of concept, we aimed to quantify
sodium sulfate (Na2SO4), and we again compared the results
of Simple-Z and Solartron 1260A. We used gold interdigitated
microelectrodes that consisted in 50 pairs of digits 10 µm
wide and spaced over a BK7 glass substrate. These were

fabricated at the Brazilian National Center of Research in
Energy and Materials (CNPEM) using photolithography. The
measurements used 200-mV ac amplitude ranging between
2.5 Hz and 16 kHz with nine concentrations of Na2SO4
(10−3 to 10 mg/mL) and 30-µL samples. The spectra obtained
with both devices are almost identical in most of the frequency
range, as can be seen in Fig. 7. This sensing application,
complemented with the validation using RC circuits, suggested
the compatibility of Simple-Z for measurements with biolog-
ical objects. For practical purposes, its utility in a real-time
(bio)sensing application was demonstrated in a recent article
using a genosensor to detect SARS-CoV-2 genetic sequence
with a limit of detection of 0.5 aM [11]. Furthermore, different
units of Simple-Z have been used in detecting biomarkers and
bacteria in fluids, such as phosphate buffered saline solution
(PBS) and milk.

VI. CONCLUSION

In this work, we developed a palm-sized, low-cost
impedance analyzer referred to as Simple-Z. We used the
integrated circuit AD5933, which is a suitable option avail-
able commercially for combining a DDS with a digital DFT
calculator. We developed additional circuits to overcome sev-
eral limitations of AD5933 toward automated measurements.
Simple-Z is made 100% of off-the-shelf components with
a total cost near U.S. $100, which is currently more than
ten times cheaper than any commercial alternative. It works
with wide ranges of impedance magnitude (102 to 106 �),
alternated current amplitude (10−2 to 1 V), and frequency
(1 to 105 Hz) and includes a GUI. A performance analysis was
done using human tissue-equivalent circuits made of resistors
and capacitors, resulting in impedance deviations under 1% in
magnitude and 1.5◦ in phase. Its functionality was validated
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Fig. 6. Bode plots measured with (circles) Simple-Z and (solid line) Solartron from equivalent circuits for (a) biceps Cole–Cole model [28],
(b) breast cancer cells [29], (c) blood [30], and (d) forearm [31] (top), impedance difference (middle), and standard deviation of Simple-Z (bottom).
Source: adapted from [1].

Fig. 7. Bode spectra of ten concentrations of Na2SO4 in pure water
measured with (a) Simple-Z and (b) Solartron 1260A. Source: adapted
from [1].

in a biosensing work for detecting SARS-CoV-2. Five units
of Simple-Z were fabricated to be used by the researchers of
our group. It represents a bridge over the technological gap
between the proof-of-principle experiments with biosensors
and the development of integrated prototypes to be applied
in the field. We envisage that Simple-Z will be useful for
applications in (bio)sensing, as demonstrated here, and in

teaching laboratories of universities. Nowadays, impedance
spectroscopy experiments are not normally performed in teach-
ing at undergraduate level owing to the high cost of providing
dozens of instruments at once for a class of students. With
Simple-Z, this will be feasible.
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