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Abstract—With rapid progress in the miniaturization of
biosensors, array microsystems utilizing impedance spectroscopy
(IS) are of emerging interest. Focused on the electronics portion
of such IS microsystems, this paper analyzes FFT-based and
frequency response analyzer (FRA)-based approaches and
compares them for hardware efficiency in array applications.
For the chosen FRA-based approach, two possible systems are
described and their circuit-level realizations are presented, one
targeting high accuracy applications and the other prioritizing
rapid interrogation.

Index Terms—impedance spectroscopy, biosensor
microsystem, analog/mixed signal integrated circuit

array,

I. INTRODUCTION

Electrochemical biosensors [1] transfer the biochemical
reaction information into electrical information through
various electrochemical transducers. They could be glucose,
deoxyribonucleic acid (DNA), proteins, hormones, or even
micro-organisms. With the high sensitivity and sensing target
specificity, they are ideal agents to detect many varieties of
inorganic or organic substances [2]. Their applications can be
found in medical diagnostics [3], pharmacology research [4],
security enhancement [5], environmental protection [6], and
other areas.

A potentiostat is employed to bridge the electrochemical
biosensor and electrical information processing. It interfaces
with electrochemical biosensors by feeding stimulus and
capturing the response. A wide range of techniques, based on
the potentiostat, have been developed to qualitatively or
quantitatively determine the kinetics and thermodynamics of
electrochemical reactions. Impedance spectroscopy (IS) is one
of them. It is very powerful for characterizing the electrical
properties of materials and their interfaces with electrodes.
Many new and emerging transducers rely on IS to evaluate
their activity, including sensors based on enzymes,
antigens/antibodies, and DNA. For example, techniques have
been developed to form sensors with high specificity by
embedding proteins into lipid bilayer membranes (BLM)
tethered to gold electrodes [7].

To date the microfabrication of IS-based transducers is
maturing to the point where high density arrays are being or
will soon be generated. These arrays provide tremendous
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advantages. 1) The miniaturized elements increase the
detection sensitivity and require smaller amounts of reagents
for the analysis, which leads to lower costs. 2) By having large
numbers of detection sites and integrating various
functionalities, they provide massively parallel sensing
capability. 3) The miniaturized transducer array’s small
physical size provides more flexibility in real application.
Traditional expensive and bulky bench-top instruments limit
the capability and performance of sensor arrays. Long
electrical cabling introduces a significant amount noise and
interference on the small signals generated from miniaturized
biosensors. In order to maximize the benefit of biosensor
arrays, IS systems built with integrated circuit are necessary.
Its low cost and small size leverage the advantages of
biosensor array. With the rapid progress in post-CMOS
compatible biosensor fabrication techniques [8-10], these
arrays can be put directly on top of the silicon integrated
circuit to form a fully integrated IS microsystem. A conceptual
structure for such a system is shown in Fig. 1.

In order to make use of these many advantages, however,
some technical challenges must be overcome. As with any
hybrid system, the challenges span a broad range of
disciplines, including the microfabrication of the biosensor,
electrode construction and electronics design. This paper
focuses on the electronics.

II. APPROACHES FOR IMPEDANCE SPECTROSCOPY

Several approaches are used to perform the IS. They can be
sorted into two primary categories: Fast Fourier Transform
(FFT)-based IS, and Frequency Response Analyzer (FRA)-
based method. For biosensor array microsystems, IS
implementations face several special requirements [11], such
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Figure 1: Conceptual diagram of an electrochemical IS microsystem.
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as on-chip signal processing, multiple channel readout,
compact size and others. These two approaches must be
evaluated based on the biosensor array’s requirements.

A. FFT-based IS method

Fourier transform is a mathematical method used to transfer
the time domain signal into frequency domain. Equation (1) is
used to transform from x(t) to F(w), which is a complex
number and can be expressed as amplitude and phase or real
portion and imaginary portion. These values can be visualized
with a Bode plot or a Nyquist plot.

Lo
F(w)—ﬁlx(t)e dt (1)

The FFT is an efficient algorithm to compute the discrete
Fourier transform (DFT), which is well suited to digital signal
processing. A general block diagram of an FFT based IS
system is shown in Fig. 2. A wideband white noise source
produces the perturbation excitations; a potentiostat interfaces
with the biosensors; an analog-to-digital block converts the
potentiostat output to digital signal; and the FFT is performed
in digital domain with help of a digital signal processor (DSP).

The most important advantage of FFT over other methods is
that the frequency response at all interested frequencies can be
computed at the same time. To gain this benefit, the source
must produce the stimulus with all the required frequencies
simultaneously, e.g., ideal white noise. Theoretically, an
infinite pulse has all frequency components, but it is
impractical to implement. A pseudo white bandwidth source
that contains many frequency components [12] is used in some
situations. The pseudo white noise sources have a random
spectrum and thus result in magnitude variation over
frequency due to the uneven strength of frequency
components in the spectrum. Alternatively, a synthesized
source with a limited number of same-strength frequency
points can be generated with the help of a computer.

The FFT-based method is very hardware intensive.
Complicated computation is needed to perform the DFT. Also,
a great deal of data must be processed, even with additional
techniques for reducing the total data set [13]. This means that
not only is significant digital computation power required, but
also a large amount of memory is needed to store the
intermediate results and the input/output digital sequence.
Thus a DSP or computer must always be used for this method,
preventing extremely compact implementations.

The composite signal source and the computationally
intensive Fourier transform make the FFT-based solution very
suitable for computer based system or systems with powerful
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Figure 2: The principle block diagram of FFT based system.

digital computational capability. Although attempts have been
made to realize FFT in analog circuits [14], it is not practical
in some application due to required accuracy, preprocessing,
and pre-storage of the input data set. The size and power
requirements of the intensive digital circuitry for the FFT
method prohibits its implementation for a single chip, array-
based IS microsystem.

B. FRA-based method

Unlike the FFT-based method, FRA-based methods
generate results for one frequency point at a time. A principal
block diagram for an FRA-based IS system is shown in Fig. 3,
consisting of a quadrature signal generator, a potentiostat, a
multiplier, and an integrator. The quadrature signal generator
produces a pair of sinusoid signals at the desired frequencies
that have the same amplitude but a 90° phase shift. The
multipliers shift the potentiostat response down to DC. At the
end, integrators remove the interference and produce two
constant DC signals that represent the real and imaginary
portions of the admittance of the biosensors in the potentiostat
system. The mathematical explanation of signal flow of this
system is given by

Sy sin(e)- = [sin26T+0)sin(@)] @)

2
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where A and @ represent the amplitude and phase response,

respectively, of the biosensors, (W is the frequency of the
stimulus and 7 is the duration of integration. The first term in
(2) and (3) are proportional to the imaginary and real portion
of the biosensor’s admittance, respectively. The remaining
terms are AC interference, which can be suppressed by
integrating either over a long enough time or exact multiples
of half stimulus cycle.

Since it is feasible to realize all of these blocks in a mixed-
signal integrated circuit with reasonable silicon area, the FRA-
based methods provide a good solution for an IS microsystem.
Another merit of the FRA-based solution is its robustness
against the odd order nonlinearity of the multiplier; these non-
idealities become AC interference after the multiplier, and the
integrators suppress them. With a balanced structure for the
analog multiplier, the even-order non-linearity can be easily
suppressed. Because the FRA-based system provides good
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Figure 3: The principle block diagram of FFT based EIS system.
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accuracy even with a poor multiplier, linearity performance
can be sacrificed for improved (reduced) size when choosing
the analog multiplier.

In summary, compared with the FFT-based method, the
FRA-based method is a better choice for IS microsystem.

III. ON-CHIP REALIZATION OF IMPEDANCE SPECTROSCOPY

Two circuit implementations of the FRA-based method have
been developed. The first prioritizes high accuracy, and the
second focuses on interrogation speed.

A. Highly accurate compact IS

Owing to its robustness to circuit non-idealities, the FRA-
based method can be employed to build a compact IS circuit
with high accuracy. An example of such a system is shown in
Fig._4. It incorporates the potentiostat function and the FRA
signal processing and quantization necessary to convert the
output to the digital domain and store the result.

To instantiate an IS readout circuit for each element in a
biosensor array, the circuit must be very compact. To provide
the required hardware efficiency, only one multiplier and one
integrator is used. As a result, this system only generates
either the real portion or imaginary portion of impedance at
any given time. Also, a single amplifier structure [15] is
shared among the biosensor elements.

Since the FRA-based method is highly immune to even-
order nonlinearity and offset of the multipliers, linearity is
traded for power and size. The most commonly used analog
multipliers utilize MOSFET working in strong inversion [16-
19]. They are always large and provide moderate linearity.
Analog multipliers working in the sub threshold region [20]
are better suited for this application due to their much smaller
size. However, a multiplier based on chopping technology
provides an even better the tradeoff between linearity and
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Figure 4: Functional block diagram of compact IS.
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Figure 5: Chopping circuit used as the analog multipler.
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size/power. The principal circuit for a chopping multiplier is
shown in Fig. 5. Due to its simplicity, this solution is very
compact. It does output many spurs at other frequency points,
but these will be removed by the integrator.

The most common integrator is built with an op-amp and a
capacitor in feedback. The output range of this integrator is
limited by the power supply. This issue could be solved by
using current mode integrators [21, 22] that can extend the
output range significantly. However, these introduce
additional problems at low stimulus frequency as follows. In a
current mode integrator, the current information is actually
stored as a MOSFET gate voltage. The leakage of the gate
node will result in errors for long integration times associated
with low frequencies. A good solution for IS requiring low
frequencies is to digitize the integration. The output of the
multiplier can be digitized with an analog-to-digital converter,
and a digital accumulator can do the integration in the digital
domain. A 1-bit sigma-delta modulator is used for the ADC
because of its compact size. Furthermore the function of the
accumulator and the ADC’s counter can be combined to save
more area.

Using the design approaches above, an on-chip IS cell has
been built for biosensor array microsystems. It features
compact size and high accuracy.

B. Fast response IS

Equations (2) and (3) show that a long integration time (T),
or at least half of the stimulus cycle, is needed to suppress the
AC interference. For low frequency interrogation, such as the
sub-hertz or mHz ranges required to analyze many biosensor
materials, the integration time becomes excessively long,
several minutes or more. This undesirable effect is
compounded in array-based systems. To overcome this
problem, an IS system that achieves high speed response at
low frequency has been developed. In its current form, it only
achieves moderate accuracy (less than 6-bit), but the trade off
for a much faster interrogation time is preferable in many
biochemical sensor applications.

The fast response IS system is based on the FRA method, in
that it interrogates the response of one frequency point at a
time. However, by interrogating two identical sensor elements
simultaneously, the integrator can be removed, allowing a
much faster response. By simultaneously characterizing two
identical sensor elements, the AC interference can be canceled
automatically with analog processing of the complex domain
signal. The functional diagram of this implementation is
shown in Fig. 6 (a) and (b), which are mathematically
explained in (4) and (5), respectively.

“4)
©)

These show that the output contains only the impedance
information (phase and amplitude) and no AC interference.
The non-ideal effects of the circuit are not included in
above derivation. These effects will affect the accuracy
directly because there is no integrator to suppress them in this

Asin(p) = Asin(wt +¢) - cos(@t) - A cos(wt + ¢) - sin(wt)

Acos(p) = Asin(wt +¢) - sin(wt) + A cos(wt + ¢) - cos(wt)
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Figure 6: Block diagram of new EIS method that generates (a) the imaginary
portion of admittance and (b) the real portion of admittance.

solution. Thus accuracy is limited to a moderate level, and
analog multiplier performance can not be sacrificed for size as
in the high accuracy design. Larger size means that this system
can not be instantiated for each sensor pair in a biosensor
array, yet several of these circuits can be shared by subgroups
of sensor pairs.

This solution can achieve a stimulus frequency independent
response time of 20ms. More details of this design can be
found in [23].

IV. CONCLUSION

With rapid progress in the miniaturization of biosensors,
impedance spectroscopy microsystems suitable for arrays are
needed to meet the increasing demand for low cost and
flexibility in a variety of applications. The FRA-based method
has been found to be preferable to realize this system due to its
advantages over FFT-based implementations in terms of size
and performance. Two different integrated circuit realizations
of FRA-based impedance spectroscopy for the electrochemical
biosensor array microsystems were presented. The high
accuracy design and the fast response design are suitable for
different application scenarios.
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