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Abstract— Impedance spectroscopy (IS) is a powerful tool for 
characterizing materials that exhibit a frequency dependent 
behavior to an applied electric field. This paper introduces a 
fully integrated multi-channel impedance extraction circuit 
that can both generate AC stimulus signals over a broad 
frequency range and also measure and digitize the real and 
imaginary components of the impedance response. The circuit 
was fabricated in 0.5μm CMOS and consumes 355μW at 3.3V. 
Tailored for protein and lipid bilayer characterization, the 
signal generator produces sinusoidal waves from 1Hz to 
10kHz. To suit a variety of applications, the impedance 
extraction circuit provides a programmable current 
measurement range from 100pA to 100nA with a measured 
resolution of ~100fA. Occupying only 0.045mm2 per 
measurement channel, the circuit is compact enough to include 
nearly 100 channels and the signal generator on 3 × 3mm die. 

INTRODUCTION 
Electrical biosensors that utilize a combination of 

electrochemical reactions and electronic instrumentation are 
promising candidates for the next generation of integrated 
biosensors. They are well suited to characterize DNA 
binding, proteins activity or micro-organisms properties. 
Miniaturized, electrical biosensors hold great promise for 
minimizing size, cost, and power in vital applications such 
as point-of-care diagnostics, bio-toxin detection and 
bioprocess monitoring. Many biosensor interfaces elicit 
responses that are measured by observing impedance change 
over a range of AC stimulus frequencies with constant DC 
bias. This technique is referred to as impedance 
spectroscopy (IS) and is generally accomplished by 
sweeping the frequency of a small sinusoidal voltage 
stimulus and measuring the resulting current. The stimulus 
frequencies vary depending on the interface measured but 
are generally in the mHz to kHz range for many thin-film 
biomaterials. 

Many semiconductor devices and fabrication processes 
are highly compatible with biological materials, which has 
enabled the expanding use of microelectronic and MEMS 
devices such as neural probes and biosensor arrays. Within 
the sensor arena, this permits the integration of a large 
number of biological recognition elements within a single 
package to form integrated microsystems. Such systems 

provide the potential for high throughput characterization of 
biointerfaces or simultaneous measurement of multiple 
analyte concentrations. One type of biointerface that is of 
particular importance is the cellular membrane, which is 
composed of bilayer lipid membranes (BLMs) and the 
membrane proteins that populate them. These interfaces play 
a critical role in cellular processes, yet our ability to unite 
them with instrumentation electronics at the chip scale 
remains an open challenge [1]. The goal of this work is to 
address part of that challenge by developing fully on-chip IS 
instrumentation electronics suitable for BLMs and other 
interfaces with similar impedance parameters. 

Traditional IS measurement utilizes digital signal 
processing algorithms to extract the impedance components. 
While this approach works well on a computer, it suffers 
from a power/speed/area tradeoff that prohibits an on-chip 
implementation for large arrays. Recently, some chip-level 
approaches for IS have been introduced but lack the ability 
to extract real and imaginary impedance components [2,3]. 
A chip with impedance extraction and stimulus signal 
generation has been reported [4], but it utilizes an external 
DSP for output digitization and supports frequencies and 
current ranges that are not appropriate for our application. 
Our group recently introduced an impedance extraction and 
digitization system, but it did not include AC stimulus signal 
generation on the chip [5]. 

This paper describes a fully integrated multi-channel 
impedance extraction and digitization (MIED) chip that 
includes a digitally programmable signal generator (SG) [6] 
and multiple channels of a compact, high-sensitivity 
impedance-to-digital converter (IDC) [7]. The lock-in IDC 
cell includes analog domain impedance extraction and local 
digitization and is compact enough to be instantiated for 
each sensor element, enabling massively parallel IS 
interrogation. The MIED instrumentation system on chip is 
tailored to BLM-based biointerfaces, but it provides the 
sensitivity and programmability to serve a range of IS 
measurement applications. This work represents an 
evolution of [6,7] and the first reporting of post-fabrication 
test results from the fully integrated system. 

SYSTEM ARCHITECTURE 
When integrating all the instrumentation functions for 

multi-channel IS on a single chip, there are three main 
concerns. First, the heavy signal processing load must be 
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simplified, especially for multi-channel arrays. Second, the 
circuit area per channel must be minimized to support high-
density arrays. Finally, the power must be minimized to 
support portable applications and ensure no local heating 
that could degrade on-chip biointerfaces. To support these 
goals, an impedance extraction front-end instrumentation 
circuit based on the frequency response analyzer (FRA) 
method was developed. The FRA method processes the 
response of one frequency point at a time. It is an elegant 
technique that gives rise to very stable, repeatable 
measurements, can be realized with compact analog 
circuits, and is able to minimize the effects of noise and 
distortion. Also, in order to minimize static power 
consumption and improve noise performance, all the analog 
circuits in this design operate in the weak inversion region. 

Fig. 1 shows a block diagram of the MIED chip, which 
is comprised of a signal generator and a 5-channel array of 
IDC blocks. The signal generator produces a sinusoidal 
stimulus signal, sin(ωt), at the working electrodes (WE) of 
the interface being measured. It also generates a digital 
sine/cosine reference signal, φ, that is needed in the IDC 
blocks. Each IDC channel measures the response current at 
a counter electrode (CE), extracts the real and imaginary 
components of the response, and digitizes the results. The 
digital output of the IDC blocks are connected in a scan 
chain for serial upload from the chip. The structure can 
readily be adapted to a 3-electrode electrochemical IS 
system by adding buffer between the CE and a reference 
electrode. 

CIRCUIT REALIZATION 

A. Signal Generator  
Many methods for sinusoid signal generation have been 

reported, including quadrate oscillators [8] and triangle-to-
sine generators [4]. The drawbacks of these methods are 
poor linearity and/or difficulty in precisely controlling 
frequency. An alternative method that is controlled purely 
by digital signals produces excellent frequency accuracy 
and linearity. It was first introduced in [9], modified and 
improved in [6], and has been adopted here.  

A block diagram of the signal generator is shown in Fig. 
2. The frequency selector is a 14-bit shift register that stores 
the factor by which the master clock is to be divided. 
Master clock cycles are counted at the frequency divider 
block until the counter value equals the value stored in the 
shifter register, at which point a pulse is sent to the token 
ring and the counter resets. The token ring tracks the current 
output sample of the sine wave and increments this value 
with each pulse from the frequency divider. The token ring 
also determines the state of the digital sine/cosine, signal φ. 
The resistive DAC (RDAC) uses 1000 identical unit-value 
resistors in a chain with sinusoidally spaced taps. These 
taps are selected by the output of the token ring in the 
proper sequence to generate the next sine wave sample. 
Finally, a second order Butterworth filter was implemented 
using a gm-C biquadratic filter to remove high frequency 
quantization replicas from the RDAC output. Its cut off 
frequencies (200Hz-200kHz) are achieved by program both 
the gm and capacitor values. To precisely control the gm in 
the filter, a current division and source degeneration 
technique is used. 

The frequency of the output sinusoid, sin(ωt) and 
reference square wave φ are determined by the value 
programmed in the frequency selector and the oversampling 
ratio (OSR) of the RDAC. The frequency is given by  

 
nM

f
f clkmas _=  (1) 

where fmas_clk is the frequency of the master clock, n is OSR 
of the RDAC and M is the value stored in the frequency 
selector. In our implementation, M can be set to any value 
from 2 to 16,383 (0x3fff) and the OSR is set to 64 based on 
the tradeoff between the accuracy of sinusoid and 
complexity of switch control logic. Thus, with a 1MHz 
master clock and OSR of 64, (1) shows an output frequency 
range of 1Hz – 7.8 kHz. 

B. Impedance-to-Digital Converter 
To measure the AC sensor response current and 

simultaneously extract its real and imaginary components, 
a lock-in IDC, shown in Fig. 3, was implemented based on 
prior work [5, 7]. The structure is similar to a current mode 
sigma-delta ADC and includes a multiplying integrator, a 
comparator acting as 1-bit ADC, and programmable current 
source to realize impedance extraction. The IDC also 

 
 
Figure 1. Block diagram of the fully integrated multi-channel impedance
extraction chip.  

 
Figure 2. Block diagram of the signal generator that produces sin(ωt) and 
the reference square wave φ.  
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includes a bidirectional counter for digitization. The 
primary advantage of this structure is that it provides the 
integration and multiplication functions required for the 
impedance extraction, and the digitization function, in a 
very hardware efficient manner, resulting in a compact size 
per measurement channel. 

To extract the real coefficient information, the 
stimulation sinusoidal, sin(ωt), is multiplied by the 
reference signal φ, which is in phase with sin(ωt). 
According the analysis in [5], the extracted real portion can 
be presented by  
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where Iref1 and Iref2 are the current source and sink, Di is the 
comparator output at the ith updating clock cycle, T0 is the 
period of the updating clock, CLKIDC, and T is the period of 
sin(ωt). Following a similar analysis, it can be shown that 
the counter will contain the imaginary portion of 
admittance when φ is in phase with cos(ωt). The imaginary 
portion can be presented by  
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Thus, by setting φ to be in or out of phase with the 
stimulus sinusoid, the IDC circuit can extract both portions 
of the full impedance utilizing a structure that inherently 
digitizes the result while sharing resources to minimize size 
and power. The bidirectional counter also serves as a shift 
register to permit serial data upload of all channels.  

TEST RESULTS 
The multi-channel impedance extraction chip was 

fabricated in 0.5μm CMOS process, and the die photograph 
is shown in Fig. 4. A signal generator, a 5-channel IDC 
block, and five on-chip electrodes of various sizes have 

been integrated on a 1.5mm × 1.5 mm chip. The signal 
generator occupies 0.38mm2, and the IDC requires only 
0.045mm2 per channel. The power consumption of the 
MIED chip is 355μW at 3.3V supply and a 200 kHz clock 
frequency. Each IDC channel consumes only 5.2µW. The 
operation of the chip was verified across the signal 
generator’s frequency range, and good performance was 
observed from 3Hz to 7.8 kHz, which is suitable for many 
biosensor interfaces. A data acquisition card (DAQ 6259) 
was used to generate the master clock, digital control 
signals and to record digital outputs from the chip during 
testing. An equivalent impedance circuit for BLM 
interfaces was utilized to measure the chip performance.  

To characterize the circuit’s response to variable 
impedance, an IDC channel output was recorded while 
independently changing first the amplitude then the phase 
of the stimulus input. Ideally, the relationship between the 
input signal’s amplitude and the digitized real component 
output is linear for a constant phase and frequency. To 
verify the amplitude transfer function, a 10Hz, zero initial 
phase sinusoid signal with amplitude swept from 0 to 10nA 
was supplied. The measured differential nonlinear (DNL) 
and integral non-linear (INL) of the digitized real portion 
output are plotted in the Fig. 5, which shows that the real 

 
Figure 4. Die photograph of the multi-channel impedance extraction chip. 
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Figure 5. Measured DNL and INL curve of one IDC channel output when
the sinusoid input amplitude was swept from 0 to 10nA. The maximum
DNL and INL are 59.8dB and 50.2dB, respectively.  

Figure 3. Block diagram of the impedance-to-digital convertor structure.
φ and not-φ are non overlapping reference square waves with same
frequency as sin(ωt).  
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portion dynamic range is more than 50.2dB for the 10nA 
input range. 

The relationship between the input signal’s phase and 
the digitized imaginary component output is theoretically a 
sine wave for a constant amplitude and frequency. To 
measure the phase transfer function, a cosine input with 
constant 100Hz frequency, constant 3nA amplitude and 
variable phase was supplied. The normalized digitized 
imaginary portion output is plotted in Fig. 6. The output fits 
the expected sine wave with an RMS error of only 2%.  

The IDC block was designed to operate in five digitally 
selectable input current ranges to extend operation over a 
wide input range. The maximum current for each range is 
100nA, 10nA, 1nA, 100pA, and 10pA. Operation was 
verified for all ranges. The maximum current resolution 
(based on DNL/INL measurements at each range) scales 
with the current range, having a value of ~300pA in the 
largest 100nA range. The dynamic range decreases in the 
low current ranges with the maximum current resolution of 
~100fA in the lowest 10pA range. 

With a 768 kHz master clock, the signal generator was 
able to produce a high quality output signal ranging from 
3Hz to 6 kHz. A 14-bit control register permits 
programmable selection of the signal generator frequency. 
At least 11 points per decade can be selected. By increasing 
the master clock to 1MHz, the output frequency can reach 
7.8 kHz. To characterize the linearity of the signal generator, 
the spurious-free dynamic range (SFDR) of the output was 
measured with a 768 kHz master clock. The power spectral 
density plots are shown in Fig. 7 for 3Hz and 3 kHz outputs 

with a measured SFDR of 69dB and 38dB, respectively. 

CONCLUSION 
The design of a fully integrated multi-channel impedance 

extraction and digitization chip was described and 
measurement results from the fabricated 0.5µm CMOS chip 
were presented. The chip provides AC stimulus signal 
generation from 1Hz to 10Hz with a worst-case SFDR of 
38dB. The impedance-to-digital converter block provides 
measurement and extraction of real and imaginary 
impedance outputs for current inputs ranging from 100nA to 
10pA, with more than 8-bit resolution in most ranges and a 
maximum current resolution of 100fA. Each readout block 
also digitizes the output and provides serial output through a 
scan chain of all channels. Each impedance-to-digital 
converter channel is compact (0.045mm2) and low power 
(5.2µW) permitting a single chip to readout a high density 
array of impedance based sensors. The integration of 
stimulus and readout functions on a single chip establishes a 
powerful platform for biointerface measurement and 
characterization. 
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Figure 6. Response of an IDC readout channel as the phase at the input
signal is varied from -180° to +180° degrees. Input amplitude and
frequency are kept constant.  
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Figure 7. (a) Power spectral density of the 3 Hz output shows a SFDR of
69dB. (b) Power spectral density of the 3 kHz output shows a SFDR of
38dB. 
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