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On-Chip Electrochemical Impedance Spectroscopy: theory, design,

implementation and application
Introduction
Electrochemical Impedance Spectroscopy (EIS) is one of the most important techniques employed in
electrochemical analysis. It finds applications in a wide range of fields such as corrosion detection,
biomedical sensors, battery and fuel cell development, surface characterization and physical
electrochemistry, to name a few. The mean reason for its widespread adoption is that fact that it
provides more information content than any other electrochemical techniques.
Fully integrated on-chip EIS systems have contributed to the popularity of this technique and opened
the door for new use cases. Portable and fully implantable biomedical devices for biomarker
monitoring, smart Battery Management Systems (BMS) with Cell Monitoring Circuits (CMCs),
distributed gas sensors and sensor array microsystems are some of the applications scenarios that
rely on on-chip EIS.

Why this topic
The design and implementation of on-chip EIS presents interesting challenges from a circuit design
perspective since it requires analog, mixed-signal and digital design techniques. This can be seen
when reviewing the two techniques for on-chip EIS, which fall under two main categories, namely:

 Fast Fourier Transform (FFT) techniques: here, a broadband signal such as a Dirac pulse or a
multi frequency wavelet is used to stimulate the System Under Test (SUT). The amplitude of
the input must be small enough so as to induce a linear response from the system. The time
domain response is measured, digitized and spectrally analyzed using an FFT algorithm.

 Frequency Response Analysis (FRA) techniques: here, the SUT is excited by a pure single
frequency sinusoidal signal, where the amplitude is also kept low enough to produce a linear
response. The frequency of the input sine signal is swept over the range of interest and the
impedance is measured one frequency at a time.

Another aspect which makes the design of on-chip EIS interesting is the higher order of complexity of
such systems. Typical integrated EIS blocks require sinusoidal signal generators, active filters, high
precision amplifiers, analog multipliers, ADCs, digital control and post processing and other
components. When considering that all of these circuits need to be tunable in order to operate on
frequencies ranging from the milli-Hertz to several mega-Hertz, depending on the application, it
becomes evident how carful system level planning is needed to fulfill the many conflicting
requirements of the design space.

Aim
The aim of this tutorial is for the audience to gain a comprehensive overview of the topic of on-chip
EIS with a specific focus on circuit design. In the first part relevant background theory and
fundamentals are presented starting with a review on the concept of electrical impedance, the
response of electrical systems to dynamic stimulus and the frequency analysis techniques. This is
followed by a discussion of the foundations of electrochemical analysis where the importance of
interfaces and the modeling of chemical processes as electrical analogs are presented, followed by
presentation of the role of EIS and equivalent circuit models.The second part is dedicated to the
design of fully integrated on-chip EIS systems, presenting FFT, FRA and other techniques. Finally
biomedical applications and BMS systems are presented including design considerations and
implementation of EIS for such systems.
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