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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 um CMQOS, the circuit consumes 6 w
at 3 V and occupies only 0.06 mm , permitting over 100 readout
channels within a 3 x 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.

. INTRODUCTION

INIATURIZED sensor arrays enable parallel analysis
M 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 1S [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 ef cient 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

0018-9200/$26.00 = 2009 IEEE

Authorized licensed use limited to: Michigan State University. Downloaded on October 15, 2009 at 09:26 from IEEE Xplore. Restrictions apply.



YANG et al.: COMPACT LOW-POWER IMPEDANCE-TO-DIGITAL CONVERTER FOR SENSOR ARRAY MICROSYSTEMS

sensor integrated circuit CMOS chip

element

digital
output

stimulus signal generator

N
N

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 Il 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 I11 and 1V. 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.

Il. 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 ampli er [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,
1z, is the response of a sensor to a sinusoid voltage stimulus of
sin(wt). The amplitude, A, and phase, 6, of the input response
current contain the sensor s impedance information. Iz can also
be represented as the sum of cosine and sine components given

by
Asin(wt+0) = asin(wt) + b cos(wt) (1)

where coef cients a and b represent the real and imaginary por-
tion of the sensor s admittance (the reciprocal of impedance),
respectively. The relationship between these coef cients and
(A, 0) information is

a= Acos(d) b= Asin(f). 2
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The lock-in IDC measures and digitizes the sensors admittance
information, a and b, 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, b). 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 recon gured 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
modi cation 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 S = 0 (Fig. 3), the multiplier square wave reference
signal, ¢, is in phase with the sensor stimulus signal, sin(wt),
and is described by

. 1, nT <t< nT—l—%
#(t) = sgn(sin(wt)) = { ~1, nT+Z<t<(n+1)T

where T' is the period of the stimulus and n is a integer. As-
suming the sensor s response current 7z can be represented by
Asin(w + 6), the integrator s output at the end of NV continuous
stimulus cycles is

®)

NT N1 [ (+1/2)T (+1)T
/ Iv-gdt = / Tzdt — / Tzdt
0 =0 iT (i+1/2)T
2T
=— "N - Acos(f). 4)
T

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 S = 1, the square wave reference is in phase with
cos(wt) and its function is given by

d(t) = sgn(cos(wt)) = { 1—17 ZIZeJr% <t< (nT+4)
®)

For the same Asin(wt + ) sensor response, the integrator s
result at the end of IV continuous stimulus cycles is

NT
/ I pdt
0
oy [ Gy (i+3/4)T (i+1)T
= Z Txdt — Txdt + / Txdt
=0 i (i+1/4)T (i+3/4)T
— g N - Asin(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 signi cantly simpli ed because
multiplication is performed between an analog current and a
digital signal.

I1l. ARCHITECTURE OF THE LocK-IN IDC

Realizing the algorithm shown in Fig. 3 in a chip-area
ef cient 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 —1, and the sensor s response
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is an analog current Iz. 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 effectas ipping the
current direction. As a result, this ipping 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 ef cient 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 1/f noise and op-amp
offset of. With chopper stabilization, to accurately recover the
signal after demodulation with a simple Iter, 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 rst order sigma delta modulator [27], where an integrator,
comparator and counters are also employed, with several dif-
ferences including the need to ip the integrator, use of two
comparator, and inclusion of counters.

B. Hardware Sharing Architecture

A simpli ed 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 A 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 (D and D*) are
stored in two D-type ip ops (DFF) at each rising edge of the
CLK signal. Once the integrator output is outside of a prede ned
range set by +Vy, either D or D* becomes high and draws the
integrator output back within range by feeding either I..¢; or
T2 into the input. I.r; and ..o 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 B in Fig. 4) was de-
signed in a unique manner. To explain the switch network op-
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eration, let us rst consider just one stimulus signal cycle (the
principle is the same for multiple cycles) and initially assume
that at any ¢ transition edge both D and D* are low. The other
cases will be discussed later. Assume ¢ is in phase with sin(wt),
asin (3). The counters and integrating capacitor are reset at time
0. From time 0 to 7'/2, ¢ is 1, and just before ¢ s edge at time
T/2, applying charge conservation at the input node, we have
T/2

N N
/ Idt = OV et + LenTo »_ Di = LeTo »_ D; (7)

0 i=1 i=1

where V.51 IS the residue value at the integrator output, 1} is
the updating clock period, NV is the number of clock cycles from
time 0 to T'/2. Here, the counters are set to up-counting mode
because ¢ is high. At time 7'/2, the contents of the positive
counter (P) is the summation of D s, and the negative counter
(V) holds the summation of D7 since they were reset at time 0.
Both summations are represented in the right-hand side of (7).
At time T'/2, the integrator capacitor is ipped and the inte-
grator output becomes —V;qs1. From time 7'/2 to T~ (just be-
fore T" and ¢ s rising edge), integrator operation is de ned by
T

/ Tz-dt
T/2
2N 2N
= C(Vresl + erosZ) + Lieni 1o Z D; — LT Z D:
i=N+1 i=N+1

(®)

where V,so represents the integrator output voltage at time 7'
(before ¢ s rising edge). At time T', ¢ goes high, the integrator
capacitor is ipped back, and the integrator output becomes
—V3es2. FoOr the second half cycle, while ¢ is low, the counters
are set to down-counting mode. The initial value in the P and
N counters are Y1 Di and YV D, respectively. At time 7,
counter P contains Y1 Di — "%, Di and counter N con-
tains 31 Df — S av Dy

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

T/2 T
/ Tz-dt — / Tz-dt
0 T/2

N
= —CVies2 + Lier1To (Z D; —

1=1 1=N+1
N 2N
- rcfZTO <Z D: - Z D:)
=1 i=N+1
N 2N
~ LenTo <ZD1‘,— Z D1>
i=1 i=N+1
N 2N
- rcfZTO <Z D;k - Z D:) (9)
i=1 i=N+1

which shows that the result is determined by the residue value
on the integrator and the contents in the two counters. When
design parameters (1o, I er1, Irer2 and C') 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

below.

|CVies2| < (1/2)  in(Trer1 To, etz To ), 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 sin(wt)) 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

A= ounter(P)—k;- ounter(N) (10)
where ounter(P) and ounter(N) are the digital values
stored in the two counters and k; accounts for any mismatch of
the two reference currents (/,.r1 and I,es2). The value of & can
be determined by calibration, as discussed below.

The results above assumed that  was in phase with sin(wt).
Alternatively, if ¢ is in phase with cos(wt), 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 S 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 N in (9), which is given by

SIE T
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s transition edge is magni ed

where T and T, are the periods of the stimulus and updating
clock, respectively. For many of the biosensor applications,
8-bit resolution is more than suf cient. Thus, we choose N such
that 2V > 256. 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 2N > 256. For
frequencies above the 390 Hz, after an initial reset, the circuit is
operated for multiple consecutive stimulus cycles (M 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 magni ed 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 D and D* were assumed to be low at the transition edge
of . To analyze the other potential cases, consider that, when
either D or D* is high, they switch in the reference current to in-
ject a compensating charge at a constant rate (de ned by magni-
tude reference current I..s; Or I..e2), thus forcing the integrator
voltage output back within range. If the integrating capacitor s
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