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Compact Low-Power Impedance-to-Digital Converter
for Sensor Array Microsystems
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Abstract—With the rapid progress in CMOS compatible micro-
fabrication of biosensors, there is an emerging need to miniaturize
biosensor arrays onto the surface of silicon chips that acquire
and process sensor data, permitting improved sensitivity, cost and
throughput. In this paper, a low power circuit that extracts and
digitizes sensor impedance information is presented. Composed
of a novel multiplying integrator and a unique bidirectional
counter/shifter, the circuit shares resources for impedance ex-
traction and digitization to maximize hardware efficiency. The
extremely compact size of the circuit enables the implementation
of sensor array microsystems with simultaneous multi-channel
readout. Fabricated in 0.5 m CMOS, the circuit consumes 6 �
at 3 V and occupies only 0.06 mm�, permitting over 100 readout
channels within a 3 3 mm die. Circuit performance has been
verified with a biosensor for gramicidin ion channel embedded in
a tethered bilayer lipid membrane.

Index Terms—Biosensor array, electrochemical instrumenta-
tion, impedance spectroscopy, impedance-to-digital converter.

I. INTRODUCTION

M INIATURIZED sensor arrays enable parallel analysis
of multiple parameters. With advances in CMOS

compatible fabrication of microelectrodes [1], [2], there is a
trend to build sensor array microsystems that realize minia-
turized sensor elements on the surface of silicon chips and
interrogate these elements with on-chip electronics [3]–[6].
By eliminating the need for bulky bench-top instruments, a
sensor array microsystem not only lowers cost but also enables
many applications outside of highly specialized laboratories,
revolutionizing numerous sensor platforms, such as DNA
testing, drug screening, and security monitoring. Many new
and emerging sensor technologies, particularly those based on
bio- and nano-materials rely on impedance spectroscopy (IS)
to elucidate the information contained within its impedance
response over a range of stimulus frequencies. For example, ion
channel membrane protein biosensors require IS [7], [8]; some
gas sensors [9] and humidity sensors [10] are also interrogated
through IS; even DNA sensors can be analyzed by tracking the
capacitive component of impedance [4] These technologies are
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Fig. 1. Conceptual structure of an integrated impedance-based sensor array
microsystem.

ideally suited for miniaturized arrays that permit multi-param-
eter sensor fusion and improve measurement accuracy [11].
However, neither commercial impedance extraction systems
nor those recently reported for biomedical and biochemical
measurement [12]–[14] support multi-channel sensor arrays.
Furthermore, existing IS systems do not permit miniaturization
to the scale necessary for hand-held, point-of-care, or even
smaller devices required for implantable applications. Al-
though there is a clear need for chip-scale integration of sensor
arrays and impedance readout electronics, this realization is
challenged by the heavy signal processing load associated with
multi-channel impedance extraction [15]. To overcome this ob-
stacle, highly efficient hardware structures must be developed.

This paper presents a compact, high-sensitivity impedance-
to-digital converter (IDC) developed to extract sensor infor-
mation in array microsystems. An example impedance array
microsystem is shown in Fig. 1, where a sensor array is formed
on the surface of an integrated circuit chip equipped for IS
measurement. Ideally, each element of the array would have its
own front-end IS circuit to allow simultaneous multi-channel
measurement, as illustrated in Fig. 2. Compared to the alterna-
tive of a single time-multiplexed readout circuit for the entire
array, this approach enables rapid interrogation of the array,
improves sensor throughput, eliminates leakage due to analog
multiplexers (potentially larger than a sensor’s small response),
and permits the simultaneous measurements necessary to cor-
relate data from multiple sensors. To realize such a platform,
each IDC block must: 1) be implemented with minimum silicon
footprint to sustain tens to hundreds of sensors per chip; 2) be
capable of locally extracting impedance information from raw
data to distribute the heavy signal processing workload and
reduce data transmission bandwidth requirements; 3) digitize
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Fig. 2. Block diagram of a multi-channel impedance spectroscopy micro-
system. Each sensor element has an IS readout circuit digitalizes the sensor
response and stores it onto a shift register chain.

data locally to facilitate system integration; 4) consume low
power to avoid overheating sensor materials and extend battery
life in portable applications; and 5) accept a wide input current
dynamic range (sub-picoampere to tens of nanoamperes) to
accommodate a diversity of miniaturized sensors.

The new IDC circuit that overcomes the challenges and
achieves the objectives outlined above is described in this
paper. Section II describes the function of the IDC circuit
and explains the algorithm for the new impedance extraction
approach. The IDC architecture and VLSI realization are de-
scribed in Sections III and IV. Test and characterization results
for the IDC circuit are presented in Section V, and test results
from a prototype miniaturized biosensor system are discussed
Section VI.

II. PRINCIPLES OF IMPEDANCE EXTRACTION

A. Principles

The newly developed circuit extracts and digitizes a sensor’s
impedance response over frequency, up to 10 kHz to suit a wide
range of sensor materials. Because the circuit utilizes a reference
signal of the same frequency as the stimulus, it is similar in
function to a lock-in amplifier [16] and will be referred to as
a lock-in impedance-to-digital converter. As shown in Fig. 3,
this lock-in IDC converts the real and imaginary portions of a
sinusoidal current into a digital value. A digital clock is required
to synchronize the internal signal processing. The input current,

, is the response of a sensor to a sinusoid voltage stimulus of
. The amplitude, , and phase, , of the input response

current contain the sensor’s impedance information. can also
be represented as the sum of cosine and sine components given
by

(1)

where coefficients and represent the real and imaginary por-
tion of the sensor’s admittance (the reciprocal of impedance),
respectively. The relationship between these coefficients and

information is

(2)

The lock-in IDC measures and digitizes the sensors’ admittance
information, and , one at a time in sequential cycles. To ac-
complish this, the lock-in IDC requires a square wave reference
signal, which is either in phase with the stimulus (for extracting
the real component, ), or in quadrature phase with the stim-
ulus (for extracting the imaginary component, ). Digital coun-
ters are employed within the lock-in IDC to assist in the signal
processing and store digital output values. These counters can
also be reconfigured to operate as output shifters, recycling the
counter hardware during serial data output.

B. Hardware Efficient Impedance Extraction Algorithm

Several approaches are available to perform the IS. They can
be sorted into two primary categories: Fast Fourier Transform
(FFT) IS and Frequency Response Analyzer (FRA) IS [15],
[17]. FFT-based methods rely on digital signal processing to ex-
tract frequency components from a broadband (e.g., pulse) stim-
ulus. They are hardware intensive and not suitable for compact,
single-chip realization FRA-based methods measure impedance
for a single frequency point at a time, and the required hardware
can more readily be reduced to chip scale. Thus, lock-in IDC is
based on the FRA algorithm.

A functional block diagram of the IDC is shown in Fig. 3.
The lock-in IDC performs the multiplication and integration re-
quired for the FRA algorithm as well as the digitization of the
result. The main difference between a traditional FRA IS system
and the lock-in IDC is that, instead of using an analog sinusoid
reference input, the IDC uses square waves of the same phase
and frequency to perform the lock-in detection [15], [17]. This
modification is key to permitting a compact VLSI implemen-
tation. There are several methods the square wave signal could
readily be generated, including zero crossing detection of a ref-
erence sinusoid signal [18]. Zero crossing detecting could in-
troduce delay (phase error), but within the frequency range of
interest for biosensors (less than 10 kHz), the error due to this
delay is negligible. After the integration operation, the real or
imaginary portion (selectable) of the input sinusoid response
current appears at the integrator’s output as a DC signal.

When (Fig. 3), the multiplier square wave reference
signal, , is in phase with the sensor stimulus signal, ,
and is described by

(3)

where is the period of the stimulus and is a integer. As-
suming the sensor’s response current can be represented by

, the integrator’s output at the end of continuous
stimulus cycles is

(4)

When compared with (2), it can be seen that the result is pro-
portional to the real portion of the sensor’s admittance. Alterna-
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Fig. 3. Functional block diagram of a lock-in IDC block illustrating its impedance extraction algorithm.

Fig. 4. Principal schematic of the lock-in IDC circuit.

tively, when , the square wave reference is in phase with
and its function is given by

else
(5)

For the same sensor response, the integrator’s
result at the end of continuous stimulus cycles is

(6)

Based on (2), this result is proportional to the imaginary portion
of the sensor’s admittance.

This adaptation of the FRA algorithm enables a compact
mixed-signal VLSI realization. In particular, the analog mul-
tiplier implementation can be significantly simplified because
multiplication is performed between an analog current and a
digital signal.

III. ARCHITECTURE OF THE LOCK-IN IDC

Realizing the algorithm shown in Fig. 3 in a chip-area
efficient manner is necessary to support simultaneous
multi-channel readout of a sensor array. This can only be
achieved by a lock-in IDC that shares hardware resources
among different functions. A multiplying integrator was devel-
oped to share hardware between multiplication and integration
functions. In addition, a bidirectional digital counter was de-
signed that could share the functions of extending the output
range of the multiplying integrator, storing the digitized result,
and shifting digital data out after the readout cycle.

A. Multiplying Integrator

Many analog multiplier structures have been developed,
including CMOS analog multipliers utilizing the drain current
square law [19]–[22] or subthreshold trans-linear principles
[23], [24], and modulation based analog multipliers [25]. All of
these multiplier circuits require dedicated hardware including
related bias or control circuits. To minimize the footprint of the
IDC circuit, a new multiplier structure, shown in Fig. 4, has
been implemented that shares the hardware resources necessary
to implement the integration function.

In Fig. 3, the lock-in IDC reference signal is a digital square
wave with values between 1 and , and the sensor’s response
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is an analog current . To implement the impedance extraction
algorithm, these two signals must be multiplied. Multiplication
of a current with the digital square wave could be realized by
frequently changing the direction of the current according the
digital square wave value. Although the direction of sensor re-
sponse current can not be reversed directly, a reverse-direction
copy could be generated through current mirroring. However,
resolution would be lost due to mirroring mismatch. To avoid
this detrimental effect, the polarity of the following integrator
stage could be changed, which has the same effect as flipping the
current direction. As a result, this flipping integrator realizes the
multiplication function without a dedicated multiplier. Because
analog integrators have a limited output range, two comparators
and counters are employed to extend the output range and digi-
tize integrating results. This approach was found to be effective
and efficient and was adopted.

This square-wave multiplication concept is similar to the
up-converting or demodulation operation in chopper stabiliza-
tion techniques [26], where two square-wave multipliers are
employed to up-convert the input signal to higher frequency
and later demodulate it to eliminate noise and op-amp
offset of. With chopper stabilization, to accurately recover the
signal after demodulation with a simple filter, the square-wave
clock frequency has to be much higher than signal bandwidth.
However, in the lock-in IDC, the square-wave clock has to be
the same as the input signal frequency, and we only need one
square-wave multiplier. The resulting architecture resembles
a first order sigma delta modulator [27], where an integrator,
comparator and counters are also employed, with several dif-
ferences including the need to flip the integrator, use of two
comparator, and inclusion of counters.

B. Hardware Sharing Architecture

A simplified schematic of the new lock-in IDC is shown in
Fig. 4, where is the reference square wave (see Fig. 3) and
CLK is an external clock that synchronizes the system opera-
tion. In Fig. 4, the circuit in shaded area is the multiplying in-
tegrator that can change its polarity according to . Portions of
this circuit are also shared with other blocks to realize the digi-
tization function. Two comparators are employed to monitor the
integrator output. The results of the comparators ( and ) are
stored in two -type flip flops (DFF) at each rising edge of the
CLK signal. Once the integrator output is outside of a predefined
range set by , either or becomes high and draws the
integrator output back within range by feeding either or

into the input. and are designed to be equal in
magnitude with opposite polarity, and any mismatch in mag-
nitude can be accounted for in calibration, as discussed below.
To store the digitized value, two multi-mode bidirectional coun-
ters are employed. Their counting mode (up/down counting) is
controlled by ; the counter is in up counting mode when is
high and in down counting mode when is low. At the end of
the readout operation, the contents of these two counters are the
digitized results. The signal waveforms shown in Fig. 5 may be
helpful to understand the description of operation that follows.

1) Operation Principles: To improve accuracy, the switch
network around the DFFs (shaded area in Fig. 4) was de-
signed in a unique manner. To explain the switch network op-

eration, let us first consider just one stimulus signal cycle (the
principle is the same for multiple cycles) and initially assume
that at any transition edge both and are low. The other
cases will be discussed later. Assume is in phase with ,
as in (3). The counters and integrating capacitor are reset at time
0. From time 0 to , is 1, and just before ’s edge at time

, applying charge conservation at the input node, we have

(7)

where is the residue value at the integrator output, is
the updating clock period, is the number of clock cycles from
time 0 to . Here, the counters are set to up-counting mode
because is high. At time , the contents of the positive
counter is the summation of ’s, and the negative counter

holds the summation of since they were reset at time 0.
Both summations are represented in the right-hand side of (7).

At time , the integrator capacitor is flipped and the inte-
grator output becomes . From time to (just be-
fore and ’s rising edge), integrator operation is defined by

(8)

where represents the integrator output voltage at time
(before ’s rising edge). At time , goes high, the integrator
capacitor is flipped back, and the integrator output becomes

. For the second half cycle, while is low, the counters
are set to down-counting mode. The initial value in the and

counters are and , respectively. At time ,
counter contains and counter con-
tains .

The result over the entire period from 0 to can be deter-
mined by subtracting (8) from (7), yielding

(9)

which shows that the result is determined by the residue value
on the integrator and the contents in the two counters. When
design parameters ( , , and ) are chosen such that
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Fig. 5. Simulated waveforms of control signals in the lock-in IDC. The interrogation frequency is 1 kHz. The interval around �’s transition edge is magnified
below.

, the analog residue can
be ignored and treated as noise, and the result is represented dig-
itally by the values in the counters. Referring to (4), notice also
that this result (where is in phase with ) is, proportional
to the real portion of the input signal. The value of the real por-
tion can be retrieved from the digitized results by evaluating

(10)

where and are the digital values
stored in the two counters and accounts for any mismatch of
the two reference currents ( and ). The value of can
be determined by calibration, as discussed below.

The results above assumed that was in phase with .
Alternatively, if is in phase with , it can be shown
in a similar derivation that the counter results will contain the
digitized imaginary portion of the input signal. The value of the
imaginary portion can also be recovered using (10). Thus, the
circuit can extract both the real and imaginary components of
the response current simply by setting the digital value of in
Fig. 3.

Thus far, operation of the lock-in IDC has been explained for
a single stimulus cycle only. The digital output dynamic range
is controlled by in (9), which is given by

(11)

where and are the periods of the stimulus and updating
clock, respectively. For many of the biosensor applications,
8-bit resolution is more than sufficient. Thus, we choose such
that . In this design, the update clock rate was chosen
to be 100 kHz so that a 100 nA input current (maximum sup-
ported) will not saturate the integrator (with a 1 pF capacitor)
over a clock period. Within the targeted reference frequency
range(1 mHz to 10 kHz), this update clock can only guarantee
8-bit or higher resolution in one stimulus cycle for the refer-
ence frequency of 390 Hz and below, where . For
frequencies above the 390 Hz, after an initial reset, the circuit is
operated for multiple consecutive stimulus cycles ( cycles).
In this case, the analog residue term in (9) retains (roughly)
its single cycle magnitude, but the digital value stored in the
counters is magnified by M. Thus, the digital output dynamic
range is improved. The value of M can be chosen to obtain the
desired resolution at the maximum frequency of interest. At the
maximum reference frequency (10 kHz), with update clock of
100 kHz, M must be greater than 26 to achieve 8-bit resolution.

2) Reference Current Exchange: In the derivation above,
both and were assumed to be low at the transition edge
of . To analyze the other potential cases, consider that, when
either or is high, they switch in the reference current to in-
ject a compensating charge at a constant rate (defined by magni-
tude reference current or ), thus forcing the integrator
voltage output back within range. If the integrating capacitor’s
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polarity is changed (due to ’s edge) while or is high, the
compensating current must also been reversed; otherwise, it will
produce an error of up to one digitization step for each stimulus
cycle. This error will accumulate for multiple stimulus cycles.
To eliminate this error, the multiplexing switches at the inputs
and outputs of the two DFFs (shaded area in Fig. 4) have been
inserted to appropriately adjust the reference current polarity. If
either or is high when ’s edge arrives, these switches
force and to exchange their status (values), thus changing
the polarity of charge injection by the reference currents for the
remainder of the clock cycle. Fig. 5 shows the simulated wave-
forms of the signals responsible for this feature along with the
integrator’s analog output ( in Fig. 4). Here, the input si-
nusoid current frequency is 1 kHz, the system is reset at
time 100 s, and is in phase with the sine stimulus signal. In
this example, right before goes low, is high and the inte-
grator is being charged by . When goes low, and
exchange their status; thus becomes high, and the integrator
is charged by for rest of the cycle. Without this reference
current exchange during the flipping of the integrator, an error
up to one digitization step (one counter step) can be generated.
This exchange improves the accurate significantly. This feature
relies on and having the same magnitude. Although
fabrication will generate some mismatch between these two cur-
rents, it can easily be controlled within 1%, which permits the
error associated with flipping the integrator to be less than 1%
of one digitization step using this reference current exchange
feature.

C. Calibration of Reference Current Mismatch

The constant in (10) accounts for the mismatch between
and . A value for is needed to accurately recover

the impedance information. Notice that if a constant DC current
were injected into the system ( in Fig. 4), both plates of the
integrating capacitor will charge, given has a 50% duty cycle.
Thus, as described by (4) and (6), the output should be zero after
multiple reference clock cycles. Applying these conditions
during a calibration phase, from (10) becomes zero and ,
the desired calibration parameter, can be found by evaluating

(12)

where the counter values are readily obtained at the end of the
calibration cycle.

D. Integrator Leakage Tolerance

The multiplying integrator not only realizes the multiplica-
tion function without a dedicated multiplier block, but it also
eliminates the current leakage effect of the integrator through
the source/drain contacts of the CMOS switches connected to it.
For a typical analog integrator, leakage current at the op-amp’s
negative input node steals charge from the integrating capacitor,
and the integrator will lose information over time during inte-
gration. Thus, calibration is required to suppress this error in a
typical integrator. However, in the new multiplying integrator,
the integration capacitor is flipped back and forth by a square
wave with a 50% duty cycle. Thus, the leakage current steals

Fig. 6. Operational amplifier schematic for the multiplying integrator.

charge from both plates of the capacitor. Because the voltage
at the op-amp’s negative input is set by the feedback loop, the
leakage current is constant. Thus, the same amount of current
will leak from both sides of the capacitor, and the leakage ef-
fect will be canceled at the end of the integration. This tech-
nique is similar to chopper stabilization [26]; however, here the
chopping and signal frequencies are the same, precluding use
of a filter to remove undesirable signal components. In the IDC,
switch timing must be accurately controlled to ensure leakage
is balanced on the integrating capacitor.

IV. CIRCUIT IMPLEMENTATION

A. Multiplying Integrator Amplifier

At the heart of the multiplying integrator is an operational
amplifier that must provide sufficient gain and bandwidth while
adhering to the goals of compact size and low power consump-
tion. The folded cascade op-amp structure shown in Fig. 6 was
chosen to meet these requirements while provided a flexible
input common mode range to support different sensors. This
single stage amplifier does not require a Miller compensation
capacitor, thus maintaining compact size. The circuit is designed
to operate in the subthreshold region with a total current con-
sumption of 1 A from a 3 V supply. This compact low-power
op-amp is able to achieve a DC gain of 76 dB and a unity gain
bandwidth of 800 kHz for a nominal 1 pF load, which is ad-
equate for this application where the maximum clock rate is
100 kHz. The load capacitor value is set to 1 pF, which is large
enough to suppress charge injected from the transistor switches
connected to it but small enough that a 100 nA peak current can
not saturate the integrator at maximum clock rate (100 kHz).

B. Comparator

To minimize the area impact of the two comparators in Fig. 4,
the circuit shown in Fig. 7(a) was designed, combining the
two comparator functions into one dual-level amplifier-based
comparator. The two output stages utilize the same tail current
and share a common input transistor to minimize hardware
resources. The DC simulation in Fig. 7(b) shows the non-over-
lapping comparator output logic as a function of the sweeping
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Fig. 7. (a) Schematic of the dual-level comparator amplifier, and (b) DC sweep
simulation result.

input voltage. Because the comparator operates at low speeds
(maximum clock of 100 kHz), it was also designed to work
in the subthreshold region to minimize power consumption.
Dynamic comparators [28], [29] are also a good option for this
application because they do not have static current consump-
tion. However, they will require more hardware for switches
and/or capacitors and thus were not chosen for this compact
design.

C. Bidirectional Counter/Shifter

The final building block of the lock-in IDC is the bidirectional
counter that tabulates and stores digitized results. This block
must additionally permit the serial transfer of its stored results
in order to accommodate implementation within a large array
of IDC readout cells, as discussed in Section II. To realize these
functions under the constraints of compact size and low power
consumption, a counter/shifter structure [30], [31] was chosen.
Because the maximum update clock rate is 100 kHz, an asyn-
chronous counter was selected to save area and avoid unneces-
sary dynamic power consumption. A compact single-direction
counter/shifter has been demonstrated [4] that achieves hard-
ware efficiency by sharing hardware between the counter and
shifter. However, IDC operation requires a dynamically config-
urable bidirectional counter, and adapting the structure in [4]
would require significantly more complex control logic, espe-
cially for the number of bits needed by the IDC circuit. To min-

Fig. 8. Schematic of a 1-bit bidirectional counter/shifter cell with bit inversion
control for down counting.

imize hardware demands, an new algorithm-based counter was
developed for the asynchronous bidirectional counter/shifter in
the lock-in IDC. This circuit utilizes hardware that performs
only single-direction counting along with an algorithm designed
to control the up/down count direction.

To describe the operation of the new algorithm-based bidirec-
tional counter, consider an example of a 4-bit counter that must
count down (minus 1) times. This can be expressed as

(13)

where is the initial value of the counter. Equation (12)
can be rewritten as

(14)

Using 2’s complement representation, a negative sign operation
can be performed by bitwise inversion and adding 1, such as

(15)

Thus, using 2’s complements, (13) becomes

(16)

where steps with show substitution with 2’s complement
notation. Notice that the final result of (16) shows that counting
down by can be achieved by two inversions and counting up
by .

A unit cell of the asynchronous bidirectional counter/shifter
developed for the lock-in IDC is shown in Fig. 8, where all
nMOS transistors are set to minimum size, 1.5 m/0.6 m.
Based on the compact counter/shifter in [4], this new circuit
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Fig. 9. Waveform of the control signals for the bidirectional counter/shifter.

Fig. 10. Block diagram of a 20-bit up/down counter using the bidirectional counter/shifter cell.

Fig. 11. Die photo of a 1.5 mm� 1.5 mm prototype chip containing two lock-in
IDC blocks and some test circuits.

also realizes the inversions necessary to implement the down-
counting algorithm described by the 4-bit example in (15). In
shifting mode, cnt_en is low and the non-overlapping shift_ph1
and shift_ph2 signals toggle to shift data through the cell. In up
or down counting mode, both shift-ph1 and shift_ph2 are held
low. nMOS transistors M1 and M2 realize the bit inversion nec-
essary for down counting mode, where non-overlapping square
pulses on inv_ph1 and inv_ph2 forced the latches and to in-
vert their states. The pulse of inv_ph1 comes first to invert latch

TABLE I
PERFORMANCE SUMMARY OF THE LOCK-IN IDC CIRCUIT

, then the pulse of inv_ph2 lets latch invert. A timing dia-
gram for the control signals of the bidirectional counter/shifter
is shown in Fig. 9, which illustrates an up count, a down count,
and a shift operation, in sequence. As described by (15), a down
counting operation requires a bit inversion both before and after
the counting step, as shown in the middle of Fig. 9.

The complete 1-bit cell for the bidirectional counter/shifter
requires only 22 transistors, fewer than a 28-transistor DFF from
a typical standard cell library [32]. Furthermore, most of the
transistors in Fig. 9 are NMOS, which helps to reduce the circuit
size in an n-well CMOS process. This very compact 1-bit cell
was used to construct a 20-bit bidirectional counters/shifters as
shown in Fig. 11. Two of these 20-bit blocks are employed in
the lock-in IDC (Fig. 4). The size of the counter is set to 20-bit
so that the counter will not overflow at the low end of the target
stimulus frequency.

V. EXPERIMENTAL RESULTS

The lock-in IDC circuit was implemented in a foundry
0.5 m CMOS process with a 3 V supply. As shown in Fig. 11,
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Fig. 12. Normalized IDC output values versus input signal initial phase ��� for
1 kHz 30 nA sinusoid current. This plot demonstrates the proper response of the
IDC to variable input signal phase.

a full IDC cell occupies only 100 m 600 m. Therefore, in
a 3 mm 3 mm silicon chip, this circuit could be instantiated
more than 100 times, which is suitable for most existing and
anticipated impedance sensor array platforms. In its operational
mode, the IDC circuit consumes only 2 A, thus permitting
very low power consumption even in high density arrays. These
results are summarized in Table I along with other lock-in IDC
performance characteristics described below.

The IDC was designed for low frequency impedance mea-
surements and has been tested over a 1 mHz to 10 kHz range;
the design could readily be adapted to higher frequency applica-
tions by extending the op-amp’s bandwidth and increasing the
updating clock rate. The IDC analyzes a sensor’s response cur-
rent and extracts the real and imaginary portions of its admit-
tance, which are related at certain frequency by (1) to signal
phase and amplitude. To characterize the response of the IDC
to input phase and amplitude variations, separate measurements
were performed where one parameter was swept while the other
was held constant. The phase response and the amplitude re-
sponse of the IDC are described below.

As described by (1) and (2), for a current input with a constant
amplitude and frequency , the relationship between the
relative phase shift and the real (a) or imaginary (b) response
components should be a sinusoid waveform. To characterize this
relationship, sinusoid current signals with constant amplitude
and variable initial phase (relative to the square wave reference)
were fed into the lock-in IDC. The IDC’s outputs, normalized to
the peak value, were recorded as a function of the initial phase
of the input signals. With the lock-in IDC configured to measure
the imaginary component, the results for a 1 kHz sinusoid input
current with a 30 nA amplitude are plotted in Fig. 12. The theo-
retically predicted curve from (2) is also plotted in Fig. 13. The
measured results were observed to fit the theoretical curve very
well, with an RMS error of only 0.027, demonstrating the IDC
accurately extracts the imaginary portion of the response cur-
rent. Inherently, in terms of the circuit operation, the operation
to generate the real component is the same as that of the imag-
inary component. The only difference is that the square wave
reference is phase shifted by 90 degrees between real and imag-
inary component extractions. Therefore, the results for the real
component generate a curve that is shifted by 90 degrees from

Fig. 13. Lock-in IDC amplitude transfer performance with respect to the max-
imum output: (a) DNL; (b) INL. 1024 data points were taken from 0–100 nA
amplitude. These results demonstrate the proper response of the IDC to variable
input signal amplitude.

the Fig. 12 plot. No obvious dependency between the RMS error
and the reference frequency was observed.

To demonstrate the IDC’s response to variable input ampli-
tude, notice that (1) and (2) show a linear relationship should
exist between the input amplitude and the real or imaginary
component output, given the input has constant frequency and
phase. Thus, the linearity and accuracy of the lock-in IDC’s
amplitude conversion can be quantified by the integral nonlin-
earity (INL) and differential nonlinearity (DNL) parameters
commonly analyzed for high performance analog-to-digital
converters. A 10 Hz sinusoid signal with zero phase delay was
injected into the IDC, and the amplitude of the sinusoid current
input was swept from 100 nA to 0 nA in 1024 steps. With
a 100 kHz updating clock, there are 10,000 clock cycles for
the measurement. With the lock-in IDC set to extract the real
component, the measured INL and DNL are plotted in Fig. 13.
These results demonstrate a 50 dB dynamic range (8-bit) for
the 100 nA input range. Although several factors impact the
accuracy of the lock-in IDC, our observations suggest that the
two major limitations are charge injection of the switches and
signal coupling at the input nodes.

The lock-in IDC can be configured to accommodate a wide
dynamic range of input signal strengths in order to support a
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Fig. 14. Amplitude conversion characteristics for a zero phase sinewave input.
The lock-in IDC can be configured to accommodate a wide range of input signal
strengths, two of which are shown here.

variety of sensors. The signal range is determined by on chip
settings that control the magnitude of the two reference currents
and the frequency of the updating clock. To test the achievable
dynamic range, an input test current was generated by applying
a sinusoidal voltage to a capacitor and sweeping its amplitude.
In order to generate appropriate inputs using available off-the-
shelf capacitors, the sinusoidal voltage was set to 0.1 Hz for
the lowest current range. For the largest current range, it was
set to 1 Hz. Fig. 14 plots the IDC output codes as a function
of the input current amplitude for these two boundary ranges
of input signal strength. The results show that currents ranging
from below 100 fA to 100 nA can be converted, with a maximum
sensitivity (minimum linear response) at 78 fA.

VI. BIOSENSOR MEASUREMENTS

The IDC circuit was designed to enable the development
of a monolithic microsystem that extracts the impedance of
an on-chip sensor array. To demonstrate the IDC circuit’s
capabilities in such a system, a hybrid impedance sensor
platform described by Fig. 15 was implemented for rapid
prototyping. A data acquisition card (Agilent E3630A) was
connected to a computer and employed to generate the sensor
stimulus sinusoid and collect output data from the IDC. Here,
we demonstrate the use of the IDC circuit for electrochemical
biosensing via ion transport activity of a membrane protein
incorporated in an artificial bilayer lipid membrane (BLM)
interface. BLM interfaces are useful in functional proteomics
research to characterize novel membrane proteins and can be
used to develop membrane protein biosensors for many applica-
tions including high-throughput drug screening. In our sensor,
tethered BLMs (tBLM) embedded with gramicidin ion channel
protein are deposited on gold electrodes patterned on a glass
chip [33], [34]. Briefly described, a self-assembled monolayer
(SAM) of 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol
(DPPTE) tether lipid was formed on a clean gold electrode
patterned on the glass chip. The upper leaflet of bilayer mem-
brane was deposited by fusion of liposome vesicles made of

Fig. 15. Test setup for the biosensor measurements using the prototype lock-in
IDC chip.

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) mobile
lipids. Bilayer lipid membrane acts as an insulating dielectric
barrier for ion transport, thereby increasing the impedance of
the bio-interface. After tBLM formation, 1 gramicidin
ion channel protein was introduced to the electrolyte solution
to incorporate gramicidin ion channels in tBLM. Gramicidin
selectively transports alkali metal ions through the tBLM and
therefore lowers the impedance of the modified tBLM in the
presence of alkali metal ions in the electrolyte solution.

Impedance measurements were conducted with the IDC
chip over the frequency range of 10 mHz to 100 Hz while
the biosensor was being formed; first the DPPTE monolayer,
then the tBLM, and finally the gramicidin modified tBLM
in 100 mM sodium chloride solution, immediately after their
formations.Fig. 16 shows the impedance data obtained from the
IDC chip for one biosensor element as a function of frequency.
The impedance data was fit using ZView software (Scribner As-
sociates, Inc.) to the modified Randle’s equivalent circuit shown
in Fig. 17. The equivalent circuit is a combination of resistors
and capacitors that can be related to the physical properties
of the biosensor interface. The membrane capacitance
and resistance were modeled in parallel to represent the
properties of the bilayer membrane. For a DPPTE monolayer,
the and values were measured to be 0.635 F cm
and 20 K cm respectively. For the tBLM, a and of
0.505 F cm and 425 K cm were obtained. The capacitance
value for the tBLM is in good agreement with the reported
values for high quality BLMs [33]. Fig. 16 also shows that
incorporation of gramicidin in the tBLM decreased the mem-
brane resistance from 425 to 59 K cm due to the gramicidin
mediated passage of sodium (alkali metal) ions through the
tBLM. These measurements demonstrate that the compact IDC
circuit can successfully characterize the impedance spectra of
sensor materials. The drop in membrane resistance is a direct
measure of the ion transport activity of gramicidin channels.
The measurements of electrochemical properties of tBLM and
ion transport activity of gramicidin are in agreement with those
made by commercial instruments [34]. The measurement of
ion transport activity of a channel membrane protein on an
array using the IDC chip provides an efficient design for high
throughput screening platforms. A future generation of the chip
containing a large array of IDC cells would be capable of mea-
suring many sensor elements simultaneously, rapidly extracting
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Fig. 16. Biosensor impedance as a function of frequency measured by the
lock-in IDC: (a) impedance amplitude and (b) phase angle. Measurements were
performed at three phases of the biosensor self assembly; the DPPTE tethering
lipid monolayer (diamonds), tBLM (squares), and tBLM after gramicidin
incorporation (rectangles). As expected, the membrane resistance increases
after bilayer formation (relative to the DPPTE monolayer) and then decreases
after gramicidin incorporation due to the transport of sodium ions across the
bilayer membrane.

Fig. 17. Modified Randle’s equivalent circuit for a tBLM electrochemical
biosensor: � represents the capacitance of membrane, � represents the
resistance of membrane, and � represents the capacitance of double layer
that includes the Hemholtz capacitance.

their characteristic impedance and generating a digital result at
each desired frequency.

VII. CONCLUSION

A very compact, low power, impedance-to-digital converter
circuit has been introduced. Tailored for on-chip sensor array
microsystems, the impedance spectroscopy circuit can be

instantiated with each element of a sensor array. The circuit
locally extracts and digitizes sensor impedance information
using mixed-mode signal processing, eliminating the cost,
power, and size of the external hardware typically employed
to analyze raw sensor data. The circuit was fabricated in a
standard 0.5 m CMOS process. It consumes only 6 with
a 3 V supply and occupies only 0.06 mm per cell, permitting
over 100 cells within a 3 3 mm chip. Tests show that the
impedance-to-digital converter provides over 50 dB of am-
plitude conversion linearity and exhibits less than 2.7% RMS
phase conversion error. It can accommodate sensor current
inputs ranging from 78 fA to 100 nA, suitable for a diversity
of bio- and nano-materials. The capabilities of the new circuit
were verified in a prototype microsystem where it successfully
measured the impedance spectrum of a miniaturized membrane
protein (gramicidin) biosensor. The current design supports
impedance extraction up to 10 kHz, and the architecture is
adaptable to higher frequency applications with adjustments to
op-amp bandwidth and updating clock frequencies. The lock-in
IDC circuit demonstrates that high density impedance sensor
arrays can feasibly be implemented on a single chip.
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