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Abstract— This paper presents a low cost and portable syste The main characteristics needed for the readoutmsys
that is able to perform real time or spectra impedace are:

characterization of impedimetric sensors interfaceslt is also « Compact and low cost;

able to perform simple amperometric measurements foreal- *  Flexible to cope with different kind of biosensors;

time DC current-voltage characterization or studiesof the
behavior of the sensor with respect to different teget stimuli.
Due to its flexible design, the system can be egsddapted to
different applications and experimental requiremens.

* Able to perform parallel acquisitions, allowing hig
throughput;
» Perform differential measurements in order to feirth

Synthetic devices under test (DUTs) were used foresting increase sensitivity and selectivity; _
purposes and the performances have been compared tioose e Perform a full characterization of impedance in the
obtained using a commercial dedicated impedance alyaer. magnitude and in the phase, since the latter could
The system allows displaying results in Nyquist an8ode plots offer a better understanding of the surface mosecul
using a friendly graphical user interface. Results show interaction [9].
remarkable fair accuracy, considering the much lowe price, This paper presents a low cost, versatile and iplertest
smaller sizes and flexibility of use of the develau system. board for sensors implementing a two electroderniostat,
conjugated with a lock-in technique for complex e@dpnce
Keywords — Biosensors; Sensor interfaces; Impedance detection which allows obtaining comprehensive rimiation
spectroscopy; Real time; Amperometry measurements. on the impedance magnitude and phase (Figure 1je Mo

specifically, the instrument has been designed ® b
interfaced to bionanosensors, such as nanowiresron

In the last decade, the convergence of nanotechyolo nanotubes; however it is not the purpose of thisepdo
with biology and medicine and the ability to falt€ describe a single specific application relatedhis kind of
structures  using standard wafer-scale semiconduct@jiosensors, but rather investigate the potentiatitythis
processing techniques has shown an emerging andreyo system interface to be used for different kindsesfsors.

l. INTRODUCTION

interest in the development of new classes of raadsitive, Section 1l will show the system architecture and
and reliable biosensors devices, such as nanoveires functionalities. Section Il will present the dewpéd
carbon nanotubes [1][2][3][4][5]. acquisition board features and working principBsction 1V

These devices could have a great impact on manyill show the LabVIEW software interface and the
application fields related to our life: from heattare and implemented digital signal conditioning processnafly,
environment, to food production and bio-warfaren#f&ato  Section V will present the results of tests perfednon
their properties of electrical, label-free and rt&ale readout.  synthetic DUTs simulating sensors behaviors and a

Moreover, the possibility of integration of thisass of comparison between the developed system and a cmiaine
sensors with the readout structure makes them en@e  impedance analyzer.

interesting. However, the integration of sensorsthwi
interfaces demands a quick although accurate krigsl®f

electrical parameters (such as impedance, noise at ) vz(.):%‘?cm(wm
bandwidth) [6] and their related behaviors to tasjenulus, 1O~ s+ ‘ LN ey I
in order to understand the design constraints efréadout l;mm

systems. Another important issue to point out & Itk of
instrumentation able to perform both impedancev.om=acoswsn
spectroscopy and real-time impedance measurements
order to identify the electrical parameters modedl aeal 0= (2)
time behaviors of biosensors depending upon theifgpe
structure and fabrication process [7][8].

For the above reasons, there is a demand for I®l co
portable readout structures able to perform aceurat Figure 1. Schematic of the lock-in technique for complex inigece
preliminary tests on biosensors and/or to perfooutine detection.
tests with respect to experimental conditions angigkilled
personnel and bulky instruments.
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Il.  SYSTEM STRUCTURE ANDSETUP

The system consists of a custom printed circuitheiot erQ
board (PCB) hosting both the DUT and the readdetfiace. _mfm
The latter performs the readout of the currentaigoming DEVODLLATOR
out of the sensors in response to a sinusoidal ©r\V¢ g Real
signal generated by a waveform generator (Tektréthc w - Re(Z,.))
3102 [10]) and digitized by a National InstrumeB309 } TR :

DAQ card [11] whose output is sent to a laptop dtaring E)% N
and online (or post) processing using a LabViewrfate.

The above approach, based on performing the fitjeri e
and data manipulations in the digital domain, afiothe s ——
system to be particularly flexible, maintaining angle
analog front-end for different applications wittspect to the
system required performances.

In particular, the developed system is designedet@s
much versatile as possible allowing to performftilewing PCB
measurements in lock-in readout configuration:

1) Real-time DC current measurements; N A

2) DC voltage sweeps, for device characterization; 1 waneform P‘T‘U

3) Realtime AC  measurements of  sensor Input Qutpul
impedance/admittance magnitude and phase; -:l"fa“‘?f,“’”‘ VY

4) Impedance AC spectra. IRAY

The graphical user interface is able to reconsiruptal
time both Nyquist and Bode plots.

-1 waveform

\'_@r,u
I1l.  ACQUISITION BOARD INTERFACE \/ i

Waveform B . J

The designed acquisition board (block diagram shimwn :\ﬂﬁ“iﬂg IIIJ_‘

Figure 2) is characterized by the following feature

. Two identical and independent readout branches to Figure 2. Block diagram of the designed acquisition board.
allow differential measurements on sensorg; éAd Thg zoom ghows the working principle of the AD Mnodulgtor. The
Zeensin Figure 2). The board could be used for array SWitch is driven by a comparator that compareseherence signal (V.

. and Verg) with its DC offset level, resulting in a squarawe in-phase with
of sensors as well; the reference signal.

e Addressable  switching system to select,
independently on the two branches, single sensors i  Each branch of the circuit can be represented ly tw
a chip array (see Figure 1); stages: a transimpedance input amplifier that cosvibe

* Operating frequency in the range of 0.1Hz-2KHzcurrent signal coming from sensors to an amplifiettage
(typical for nanowires or nanotube sensors lock-insignal prior to be sent to the integrated circAiD630) that
readout measurements) [2][4][5][8][12][13]; performs the phase-sensitive detection. The sigsal

« DC measurements bypassing the demodulation staggeamplified by an AD822 due to its low-power failrail
(this possibility is represented with switches agle and low noise operating performances (137 @ 10
branch of Figure 2); kHz) and low input bias current [16].

« Four different current ranges selectable by The demodulation is implemented by using an AD630
mechanical switch, in particular +7.85uA, £785nA, Since it is currently used in precision signal @sxing and
1+78.5nA, +£7.85 nA. instrumentation applications requiring wide dynarmange

« Auxiliary potential (M) control circuit to set the [16]. _ _ .
back-gate and/or liquid gate potential of nanowires The AD630 demodulator is configured to have a gdin
or nanotubes chip [2][13][15]. +1 _and, since the positive or negative gain is lmrﬂlad by a

« Real time parallel measurements of both real angWitch controlled by a comparator (zoom in FigujetBus
imaginary part of sensors impedance using twghe demodulator muInphe; the input waveform fouratary
independent demodulators for each branch of théduare wave whose Fourier series is [17]:

system. Vo (t _4 [sin((Zk—l) w)J
e Custom designed socket (4x4 cm) for hosting the e (1) nD; 2k -1 (1)
DUT/sensor.

Special attention was paid to the four layer PGBUa in and the reference waveform sent to both the DUT thrd

order to shield as much as possible the analogisigm ~ Comparatorinputis:
the board from external noise sources. Vie =V Isin(at) 2

the output of the in-phase branches of the ciisuit

Copyright (c) IARIA, 2012.  ISBN: 978-1-61208-208-0 102



SENSORDEVICES 2012 : The Third International Conference on Sensor Device Technologies and Applications

V,(t) = -V, Ry
o()_ IEEZ

sens

]Bln({ut+¢)|ﬁ€ j [W) 3)

where R and Z,s are respectively the selected feedback

resistance, which sets the range of measurementbeof
system, and the sensor impedance. As can be keemytput
signal presents a high harmonic content associatethe
square wave components of the signal.

The output of the two “real part” branches of theBP
that are externally digitized and filtered could terived
from (3) as:

R

ACESY EE 5

Similarly, the output of the quadrature branchesyhich the
comparator input is shifted of 90° {4 in Figure 2), of the

circuit is:
L R, cos(@k — 1) k)
V() =-V, EEZ JD;ln(wt + @) EE ) (72( 1 j (5)

sens

J [E}%j [Eos@) = a Rel.,,) (4)

sens

by which it is possible to obtain the output of ttveo
“imaginary part” branches of the PCB, then extdynal
digitized and filtered yielding:

R J 2) s
[éij Bln@) = aD]m(Ysms)
T

o

sens

Vo(t) =~

(6)

Figure 3 shows a picture of the PCB where on ode si
are arranged:

« Aninput signal SMB connector for the Vref,

e A dual power supply connector,

* 4 output SMB connectors (Rém; Re, Imy).

The socket connectors provides the power supply,—>
Ground, Ve and My signals to the PCB plug interfaces for

different (eventually based on active componentf)t®ns
and connects the selected sensor to the sele@erdhbof the
circuit (see Figure 1).

Power supply Vyr Rel Iml  Re2 Im2
v v oA A

Figure 3. Picture of designed acquisition board PCB interface
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IV. LABVIEW INTERFACE ANDFILTER DESIGN

The implemented software interface allows to:
control the function generator and set; Waveform
properties (frequency, amplitude, DC offset) using
the USB interface;

« control the NI-DAQ, setting the proper (adapted to
the Vs frequency) sampling rate and DAQ
acquisition voltage range;
simultaneously control the real time signal valae f
the four outputs of the acquisition board to fipall
have the mean Redm; Re, Im, values;

« perform real time calculation to finally displayeth
real time Nyquist diagram of the admittance (or
impedance), as well as Phase and Magnitude values
and calculate the simple RC equivalent circuit.

» save data in users-specified text files.

The main signal conditioning process (represented i

Figure 4) was segmented into 3 stages: two stages

implementing finite impulse response digital lowsgdilters

(FIR Kaiser window) and one devoted to decimatidieight

taps have been calculated with MATLAB to have tlestb

configuration for all the frequency in the funciiog range.

In order to optimize the computational resourcasa@aptive

filtering based on the input frequendy and the signal band

(user selectable) cut off frequendys;f,) was implemented

in the software interface.

The interface also allows selecting the highesinioaic

of the signal (see (3) and (5)) to be considerddviing the

Nyquist criterion, consequently changing the sangpliatio

of the NI DAQ.

— N
f (k. f N |t Decimation | (K,f,fcfina) FIR 2:
) F(Ifflf ) K 2 l factor u) T, final = User Mean
Y (Kifisfe inal) selectable Value

100 taps

100 taps

Figure 4. Representation of the adaptive two stages low pl&dilter
implemented in the LabView interface .

In order to perform real time, 4-channel measurdmen
with a low final cutoff frequency (usually 1 or OHz) and
relatively limited computational resources (e.§.using a
laptop), a good trade-off between performances and
computational complexity has been found to be tdexade
of two 100-tap adaptive filters.

The two stages are dimensioned to satisfy the tiondi
of same ratio between cutoff frequency and bandwidt

s dec

whose expression, considerifg=2* f. pry, allows
calculating the first filter cutoff frequency.r:;) and the
decimation ratio as:

: 8

f =
CFIRL 2

decratio= fs = S

9)
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The obtained filtered voltage signals are then tisat TABLE I. SYSTEM PERFORMANCES
manipulated to evaluate magnitude and phase frooh ea
branch of the circuit: Current Range [A] | +7.85u +785n +78.5n +7.85n
‘Vo(t)‘ =\/Re2{vo (t)}+|mz{v0 (t)} =V, [E Ry J[éz) (10) Full Scale (Y) [S] | *157x1D | #1.57x10° | #1.57x107 | +157x10°
Z T
= Minimum ¢ 5 5 s
R AYAL ) detectable 6.37x1l 6.37x1 6.37x1 6.37x1
¢ =tan lM (11) impedanceQ)]
ReV, ()} ____
Min experimental
Other data manipulation implemented in the LabView resolution (ENOB) 11.3 9 114 8.5
software interface also allows to calculate in -t@ak the (worst case)

equivalent resistance and capacitance of the senigs
parallel RC models.

Figure 5 shows the implemented LabView interface. In the above table, “Full Scale (Y)" should be ddesed

in terms of admittance using a sinusoidal input l&oge of

iy 1 Vg, its reciprocal is the “Min readable impedancetan
5 “Min experimental resolution (ENOB)” is the minimum
|

=

e

R cin

effective  final resolution experimentally obtained
(considering all the experimental tests performedesting
conditions) in terms of effective numbers of bENOB);

e
e a0 ERY [0

=] R/C R=1Mohm C=1nF

Figure 5. Implemented LabView interface.

Im(¥}[3]

V. RESULTS 05k

Preliminary AC real time tests on synthetic DUTs :
(resistors, capacitors and RC combinations) in eckffit F\
measurement rangeand at different frequencies were 1SS! us i
performed connecting the DUT betweep;\énd a selected } Re(v)iS] per
socket connector. In particular, Vishay precisienistor of 10 RIIG R=1Mohm G=1nF
1IMQ and 10M2, 0.005% tolerance and Dale RNX-3/8 Tz

100MQ resistor, 1% tolerance and capacitor of 100pF and 1oz

2004z

1nF were used. N s
Figure 6 shows results of performed measuremeirg us 503z
an R=1M), C=1nF parallel circuit. The figure shows a full
scale view of the admittance in the Nyquist plamiile the
zoomed version shows the details of the measuremant —
can be seen in the figure zoom, a small phasechited by !
parasitic effects is present; this could be comgiemsin post 0.
processing after the calibration.
Table | sums up the different configurations foe four e
different selectable ranges of measurements andsskite ' Re(MIs T
worst effe.ctlve .flnal re.SOIUtlon experlmentally ah.]ted for Figure 6. Example of AC real time admittance measurementR€a
eDallJC'P ((::i(r)gl];li?suratlon during the tests performed usliffgrent parallel circuit in the Nyqist plane, for differeinput working frequencies.

Copyright (c) IARIA, 2012.  ISBN: 978-1-61208-208-0 104



SENSORDEVICES 2012 : The Third International Conference on Sensor Device Technologies and Applications

R=1MQ - C=1nF

R=10MQ - C=100pF

10° i 107 == F—
-.\\ F ]
= B ™
™~ _ L .
N \"\ [N L M
- e - e
10° N 0k Ry
10' 10° 10° 10 10° 10°
Frequency (Hz) Frequency (Hz)
Developed Acquisition Board Developed Acquisition Board
0— Impedance Analyzer 0— Impedance Analyzer
. 1 1
-25 == . -25 =
550 =~ E"}so
-75 H- -75 'ﬂ-.
-100 -100 LI |
10’ 10 10° 10’ 10° 10°
Frequency (Hz) Frequency (Hz)

Figure 7. Bode plots obtained using the developed systenfaate and the commercial Novocontrol Alpha-A Impeciaanalyzer with two different
parallel RC test circuits.

TABLE II. COMPARISON WITHIMPEDANCE ANALYZER
R=1 MQ - C=1nF R=10 MQ - C=100 pF
Acquisition Board Impedance Analyzer Acquisitionaid Impedance Analyzer
R C R C R C R C
Fitting erroi 0.5% 0.5% 0.06% 0.06% 0.6% 0.6% 0.8% 0.8%
Accuracy Error 0.6% 0.5% 0.04% 0.1% 1% 1.1% 0.04% 3%

Moreover a comparison between the developed system The system shows a fair accuracy, which is sufficfer

interface and specific commercial Novocontrol Alpha
Impedance analyzer, performing 50 points frequestans

in the range 10 Hz-2 KHz on different test circuitere

made in order to analyze measurements accuracy
impedance frequency analysis and to calibrate yiséers.

Figure 7 shows the results obtained using two mdiffe

parallel RC test circuits.

many purposes. The above statement should be tat@n
account considering the much lower price and smalies
of the developed system in comparison with comraérci
instruments currently used for impedance spectmsco

VL.
A low cost, portable and versatile system, allowhagh

CONCLUSIONS

As can be seen the response of the commercialnsystereal time and frequency domain impedance charaatérn

seems noisier considering the higher impedance Ohis;

can be explained considering that in the develapetem

each frequency point is obtained mediating (bylLthleView

software interface) the real time AC measuremerita o
selected number of acquired samples (usually 261ples),

thus reducing the final effective bandwidth of abaoen

times and thus reducing the external noise.

The obtained points are then saved in a text filehe
ZView format and analyzed with ZView software. Tabl
shows the results in terms of fitting and accuracsors,
where the fitting error is directly calculated byigw
software taking into account the entire spectrunhens
accuracy error is calculated using the expression:

_ ‘ actual value- fitted val ue‘

(as well as amperometric measurements) for sensor
impedimetric interfaces has been successfully dgeel and
tested. According to the tests, the proposed sydtem
accuracy that is comparable with laboratory insgata on
some ranges. Thus, it allows rapid and precise
characterization of sensor interfaces at lower edgtout
highly equipped instrumentation. Moreover, the ayst
could be further shrunk using surface mount de{@MdD)
implementation allowing to be directly coupled wi#énsors

as readout system. The whole system can be impraned
optimized implementing the digital filter stage amput
signal generation by means of an FPGA, allowinfutther
increase the performance in terms of working ranges
time response.

Accuracy Error (%) =
K4 0) ‘ actual value
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