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Abstract

This paper presents a high-performance interface for grounded conductivity sensors. The
interface mainly consists of a sensor driver, an analog front-end, a multiplexer and a
voltage-to-time converter. The sensor driver and analog front-end provide a controlled
excitation voltage for the sensor and convert the sensor signal (conductance) into a voltage
signal. The voltage-to-time converter acts as an asynchronous converter that employs a
relaxation oscillator to convert the sensor signals (voltages) into a period-modulated output
voltage. The analysis and experiments are performed to optimize the interface circuit with
respect to the range of measurable conductance. With a prototype, over a wide conductance
range, from 0.01 uS to 1 mS, the experimental results show random errors with a standard
deviation of less than 5.6 nS for a measurement time of 160 ms, and a systematic error of less

than 22 nS.

Keywords: sensor interface, oscillators, grounded conductance measurement

1. Introduction

Conductivity sensors are used in various measurement and
control systems, for instance, in applications for measuring
the properties of biological and chemical materials, for
monitoring the environment, for control purposes in chemical
processes and for agriculture and food production [1-5].
Thus, performing an accurate and reliable measurement of the
conductance is very important for applying the conductivity
sensors. In some applications, the system allows the
conductivity sensor to be galvanically floating with respect
to the interface circuit. In this case, the interface designer
is free to connect the sensor that does not disturb biasing
of the interface. However, due to safety reasons and/or
operating limitations of floating conductivity sensors, in some
applications conductivity sensors have to be grounded [6, 7].
When the sensors are in galvanic contact with a conductive
liquid, polarization and electro-chemical effects can easily
cause electrode corrosion. In order to reduce these effects,
the fact that the excitation signal contains a dc component
should be avoided.

An important feature of the conductance measurement
is its dynamic measurement range. Generally, the range
of measured conductivity is very wide, for instance, from
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0.05 1S cm™! for pure water to 55 mS cm™! for ocean water.
By selecting conductivity sensors with different cell constants,
the measurement range of the conductance can be optimized.
For our design, a conductance measurement range of 0.5 uS
to 10 mS has been targeted, which could cover a broad range
of applications. Regarding the resolution, our design target is
0.05 uS.

This paper presents the design of a low-cost and accurate
interface for grounded conductivity sensors. In this interface,
many advanced techniques are applied, such as the chopping
technique that reduces the dc offset and low-frequency noise
of the electronics, and the auto-calibration technique that
ensures high reliability of the measurement system. The
interface is optimized with respect to the range of measurable
conductance.

The proposed interface is suitable to be applied for both
two-electrode and four-electrode conductivity sensors.

2. The interface system

2.1. Basic principles of conductivity sensor and measurement

Generally, the conductivity sensor is equipped with four or
two electrodes. The four-electrode conductivity sensor, which

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. The basic principle of the driving circuit for the
measurement of the grounded conductivity sensors.

Rs(1/Gs)

reduces the effect of the connection wires, is mainly used
to measure high conductance values. For lower conductance
values the simpler two-electrode sensor can be used. For actual
conductivity sensors, its measurement is affected by many non-
idealities, including contact potentials, contact impedances
and temperature drift. The magnitudes of these effects depend
on the materials of the electrode and the object. Generally,
they are not stable. Therefore, for an accurate and reliable
measurement, the influence of these parasitics should be
eliminated or significantly reduced.

The effects of dc contact potentials on the measurement of
a conductance Ggs can be eliminated by using an ac excitation
signal for the sensor. To eliminate the effect of the contact
impedances as well as the effect of the lead-wire resistance, a
four-wire measurement is applied.

As shown in [8, 9], a floating conductance Gs can be
measured using an ac voltage excitation V.. In contrast to
this, the circuit presented in this paper should be designed
for the measurement of grounded conductances. The driving
circuit (figure 1) has been designed just for this application. In
this circuit, by the feedback loop around the amplifier A, the
voltage Vg, over the conductance is fixed to the value of V.
In the case of ideal amplifiers that have a very high loop gain,
a negligible input current and an offset voltage, the voltage
Vs over the conductance Gg equals V... The current flow
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»
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Igs equals the current through R.¢. Therefore, the measured

conductance equals

_ o _ Veer 1
VGs Vex Rref ’

Equation (1) shows that from the measured values of the

voltages Vex and Vgr the conductance can be calculated.

Gs

ey

2.2. A circuit diagram of the interface

Figure 2 shows a simplified schematic diagram of the proposed
interface, which mainly consists of a sensor driver, an analog
front-end, a multiplexer and a voltage-to-time converter.

As shown in the above section, the amplifier AMP1
is employed to establish a controlled excitation voltage Vs
across the measured conductance Gs. The voltage Vg, is equal
to the voltage V.. To avoid electrolysis, this voltage should
be bipolar and its dc component less than the free corrosion
potential. The current flow Ig,, which is equal to the current
through the resistor Ry, is measured by measuring the voltage
VRret across the resistor Rr. Both voltages Vex and Vis are
sequentially measured using the voltage-to-time converter.

The voltage-to-time converter linearly converts the sensor
signal (voltage) and the reference signal (voltage) into period-
modulated signals by employing a relaxation oscillator. The
relaxation oscillator is implemented with an amplifier (AMP2),
a comparator (COMP), two inverters (IV), two capacitors (Cog
and Cj,) and a resistor R;,,. The details of this relaxation
oscillator and its performance have been described in
[11, 12]. The capacitor Cjis used to convert the output voltage
of the AMP1 into the charge. The multiplexer MUX (figure 2)
selects the signal to be measured, Vex, Vrref, VofrRrret OF Vorr,Gxs
where Vg rrer and Vg gx are the offset measurements at the
corresponding CM voltage levels. The capacitor Cs samples
one of these four voltage signals.

With the relaxation oscillator, an ac square-wave
excitation signal Vi, is generated. The use of ac signals is
important to reduce the electro-chemical effects and the effects
of dc drift and parasitic Seebeck voltages. Meanwhile, the
ac square-wave excitation signal is also used to implement

To control Vg, «4—

Figure 2. A simplified interface for the grounded conductance measurement.
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the chopping technique [9, 10], synchronized with voltage-
to-time conversion. The chopping technique is implemented
in the following way: when V., makes an up-going step, a
positive charge V(s is converted into a time interval and when
Vex makes a down-going step, a negative charge —V,C; is
converted into a time interval. The sum of these two time
intervals composes a period of the oscillator signal. The
chopping technique reduces the effects of offset, 1/f noise
and low-frequency interference, significantly. This enables
the use of low-cost CMOS technology for accurate
measurement systems.

The offset capacitor Cyg is used to bring the oscillator
frequency within its linear range. The capacitor C, represents
the parasitic capacitance including the connection-wire’s and
component’s capacitances. This capacitance will affect the
noise performance of the interface (see section 3).

As presented in [11, 12], the period of the relaxation
oscillator equals

ViCs + Ve C )%
SS—CCOff +7 = 4RimCS—S + 4RimC0ff + T,
cc Vee
2

where t is the delay time of the oscillating loop. From this
relation, it can be found that once R;y is defined Cyi will
determine the maximum frequency of the oscillator and that
C, will determine the dynamic range of the oscillator.

During the measurement phases of Vex, Vrret, Vottrer and
Vottgs» the period times of the output signal of the oscillator
amount to Tvgs, TiGs, Toftgs and Tofrrer, Tespectively. These
period times amount to

T = 4Ry

V.
TVGS - 4'Rintcsi + (4Rimcoff + Tl)
Vee
WRret
Tigs = 4RinCs—— + (4Rin Cofr + T2) (3)
Vee

Totr,gs = 4R Cor + T1
Toff,ref - 4RintC0ff + T,

where 7; and 7, represent the additive errors including
those which depend on the common-mode voltage. From
equations (1)—(3), for the conductance Gy it can be found that

Tigs — Tofteet 1

GS TVGS — Loff,Gs Rref ' (4)

This result does not depend on the unknown parameters
of the interface, Riy, Vce, Cs, Cofr, T1 and 7,. In this way,
the interface is auto-calibrated for additive or multiplicative
errors. Even in the case of slow variations of all these
parameters, their effects are eliminated. Also, the effects
of the input offset voltage and biasing current of amplifiers
are eliminated. The algorithm can be implemented using, for

instance, a microcontroller.

3. Non-idealities

As described in section 2, many unknown parameters of
the interface are eliminated by means of auto-calibration
(equation (4)). Also, the use of this auto-calibration will
eliminate the effects of many non-idealities of the amplifier

(AMP2) and comparator (COMP). For instance, the input
offset voltages of the amplifier and comparator will induce
an offset error on the oscillator period. The biasing current
of the amplifier and the asymmetry of the comparator output
with respect to Vcc/2 will induce a multiplicative error in the
oscillator period. These multiplicative and offset errors will
be eliminated by the use of auto-calibration. However, some
effects cannot be eliminated by this technique and should be
taken into account during the interface design.

3.1. Noise

For the conductance measurement with the interface shown
in figure 2, the noise originates mainly from three parts:
the oscillator thermal noise, amplifier noise (AMP1 and IN-
AMP) and the quantization noise caused by sampling in the
microcontroller. As compared to the amplifier noise, the
thermal noise of the reference resistor (in our case R < 1
k€2) is negligible. Now, the relative errors caused by these
three noise sources will be analyzed.

3.1.1. Oscillator thermal noise. As described in [11, 13],
the oscillator thermal noise is mainly determined by the noise
properties of the integrator amplifier and comparator. When
the comparator is implemented with an opamp with a limited
bandwidth, then its noise contribution can be neglected. The
oscillator noise is mainly due to the noise of the amplifier
AMP?2 (figure 2) and is affected by the integrator bandwidth
and the measurement time. As discussed in [11, 13], the
normalized noise error of the oscillator is defined as

ATX Iyl +In2

. T,
Cinl

- 2 (VCCCOff + Vscs) (2Un(t2) - U"(tl) - U”(t3))7 (5)

where v,(t]), v,(f2) and v,(f,) are the noise voltages at the
input of the comparator at the switching moments ¢, , and
t3 (indicated in figure 2), respectively. The standard deviation
O nose Of (5) is given by

¢ =

Beq
Grone = \/ /O H, G2 S, () df, ©)

where S, (f) is the power spectral density (PSD) of the input
noise v, and B, is the equivalent bandwidth of the system. For
one sinusoidal component of the input noise, in the frequency
domain the transfer function |H, (j f)| is given by [11]

2G; )
e SN, (ﬂ Tx> o
(VCC Coff + Vs Cq) 2

For the input noise voltage vamp> of the AMP2, its
equivalent PSD at the input of the comparator is given
by [11]

Coft + Cs + Cinc + Cp )2 ®)

Cim
where S,amp2 is the power spectral density (PSD) of the input

NOis€ Uampo of the AMP2 and C;, is the parasitic capacitance
from the inverting input of AMP?2 to the ground.

Sv(f) = Svamp2(f) <
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In our case, the bandwidth By is limited by the bandwidth
fr of amplifier AMP2, which is

Cim
off T Cs + Cim + Cp

Beq = Bamp2 = (C ) fT- (9)

From equations (6)—(9), for a single period of the oscillator
output, the standard deviation of the oscillator noise oo iS
found to be

Cint
VeeCotr + Vs Cs

5 \/ 3 (Cofr + Co + Cin + Cp)

Onosc,single =

fTSvampZ- (10)

2 Cint
For N (N > 1) periods of the oscillator output, the
standard deviation of the oscillator noise oy,05c €quals

Onosc, single
v N

So, the standard deviation of the oscillator noise is reduced
with the square root of the number of periods ().

QY

Onosc,N =

3.1.2. Amplifier noise (AMPI1 and IN-AMP). With
figure 1 and equation (1), it can be calculated that the noise
O namp1 caused by the noise of the amplifier AMP1 amounts to

2 2 2
v, Vv v
~ ampl rof ampl 2 2
Opampl ~ \/ ) (1 + B ) = \/ 2 (1 + chfGS)’
Vex Vex Vex

where Uampi is the RMS value of the equivalent input noise of
AMPI.

A similar result is found for the effect of the noise of
amplifier IN-AMP, which has unity gain. When considering
a measurement over N periods, the total-noise contribution of
both amplifiers, AMP1 and IN-AMP, is given by

(12)

2 2
(V) + v
Opamp /—ampl T (1 + R2.GY), (13)

NV2
where Uinamp denotes the RMS values of the equivalent input
noise of the IN~AMP.

3.1.3. Quantization noise. Digitizing the period times with
a counter will cause quantization noise. The level of this
quantization noise depends on the length of the period time
and the counter clock. As described in [11, 13], the standard
deviation of the relative error o,y caused by the quantization
noise amounts to

1 1
Onqt ¥ —=
* BN,

where f. is the sampling frequency of the counter and
T, is the period time of the oscillator. The quantization
noise is inversely proportional to the measurement time
(NTp). Equations (11)—(14) show that with increasing N, the
quantization noise decreases more rapidly than the other two
noise effects.

(14)

AL
Ao

14+Cyp/Cr
1+R.tGs

fpole fzero fx fT f

Figure 3. Magnitude Bode plot.

3.2. The leakage current of the multiplexer

The leakage current of the multiplexer will induce an additive
error on the measured conductance. Only the leakage currents
of the switches that are connected to the junction between
Rt and Gg contribute to the measurement error. The leakage
currents Ig;; of the four multiplexer switches cause an error
8Gg in the measurement of Gg, which amounts to

Isip+Is13+ 1501+ 1520

6Gg ~
S Vex

(15)

To reduce this error, a multiplexer with a low leakage
current should be used.

3.3. Parasitic capacitance of the sensor

Due to the connecting cables, sensor structure and the interface
circuit, there exists a parasitic capacitance Cs,, which is in
parallel with the sensor. This parasitic capacitor will induce
a zero in the transfer function of the sensor driver electronics,
which will result in the stability problem.

To compensate for this effect, a feedback capacitor Cr is
applied in parallel with R (see figure 2). Figure 3 depicts
the Bode plot for gain A and 1/8 of the amplifier AMP1 in
figure 2. From figure 2, the feedback factor g is found to be

_ 1+ sR.tCr
1+ RrefGS + sRref(CF + Csp) .

B (16)

In this figure, fr represents the unity-gain bandwidth of
AMP1. Furthermore, the frequency values indicated along the
horizontal axis are

f _ 1+ RrefGS
P 27 Riet(Cr + Cop)
1
zero — — 17
f 2w RrefCF ( )
f:
fo = __Jr
1+ Cyp/Cr

To have a stable sensor driver, the following conditions
should be met:

fpole < fx fzero < fx- (18)
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Then, from equations (17) and (18) the feedback capacitor
Cp should be selected according to the condition

1+ /1 + 87 ResC 1+ Rt G
CF>max< rerCop /T ref S). (19)

4 RreffT ' 2w RreffT

It is shown that a large value of capacitor Cr makes AMP1
more stable. However, a large value of capacitor Cg will also
induce a large error in the Gs measurement.

Suppose that the used amplifier (AMP1) has a unity-gain
bandwidth fr > fe0 (see equation (17)), as defined in (1);
in the frequency domain the measured conductance Gy, (f)
is given by
1+sCs/Gs
Gsm(f) - GS 1+ SRrefCF .

Then, in the time domain the following result is obtained:

(20)

Gun0) ~ Gs + —— (S0~ RuGs ) e 7. 1)
sm N — — R e 2RefCF |
S Rref CF s

So the error 6Gs in the Gs measurement induced by the
capacitor Cg amounts to
1 (Csp
Rref CF

8GS = Gsm_GS =

Rrest) e Filr . (22)

3.4. Temperature drift

As described in section 2, the offset and gain errors of the
interface are eliminated by applying auto-calibration (see also
equation (4)). Auto-calibration will also eliminate the effects
of changes caused by the drift of the offset voltage and interface
gain as caused by temperature variations. Yet, the reference
resistor R.s should have a low-temperature coefficient
because its temperature performance will directly affect the
absolute measurement result of the conductance Gs (see
equation (4)).

4. Range of measurable conductance

4.1. The minimum measurable conductance

The minimum measurable conductance (the resolution) is
mainly limited by the noise level of the interface o ,g and the
choice of the reference resistor R..r. The noise of the interface
o, 1s mainly composed of the three items mentioned in
section 3. Then, the minimum measurable conductance G, min
is given by

OnG

Rref
which shows that a larger value of R, results in a better
resolution.

Gx,min 2

: (23)

4.2. The maximum measurable conductance

The maximum measurable conductance is mainly limited by
the output drive current /oyr max Of the amplifier AMP1 and the
linear dynamic range of the relaxation oscillator. With respect
to IouTmax, the maximum measurable conductance Gy max 1S
limited to Grmax < (JouT,max/ Vex)-

By reducing the amplitude of the excitation signal,
the maximum measurable conductance can be increased.

However, this will increase the contribution of the amplifier
noise (AMP1 and IN-AMP) too.

Concerning the linear dynamic range of the relaxation
oscillator, the maximum voltage over reference resistor is
designed as Virefmax = RretlouTmax = Vex- So that, the
maximum measurable conductance Gy max is given by

Gx,max < 1/Rref~

In our design, the maximum measurable conductance
G max 1S limited to 1/Rs.

S. Experimental results

The described conductivity-sensor interface has been
implemented and tested, using the circuit shown in figure 2.
For the operational amplifiers, dual OPAMPs (OPA2132PA)
have been used. The relaxation oscillator is built with
an amplifier (OPA2350), an inverter (HC04), a comparator
implemented with an opamp (OPA2132PA) and some passive
components. The circuit is powered by a dual power supply of
45 V. The multiplexer (MAX4559) has been chosen because
of its low leakage current. The ac square-wave excitation
signal is generated by the oscillator itself. To have the
best performance, the values of passive components of the
oscillator are selected as R,y = 2 M2, Cof = 6.2 pF, C5 =
82 pF and Cj,, = 27 pF. In this case, the frequency of the
excitation signal amounts to 8—20 kHz depending on the value
of the measured conductance. A fast microcontroller of the
type LPC2101, which has a 70 MHz counting frequency, is
employed to measure the output period of the oscillator. It also
processes the data and communicates with the outside digital
world. Because the performances of the reference resistor
directly affect the measurement results, a high-precision
type (tolerance: <=+0.01% and temperature coefficient:
<0.6 ppm °C~!) has been chosen. The performance of the
interface has been tested for the case that the controlled
excitation voltage V. has a peak-to-peak value of £200 mV.
Depending on the electro-chemical properties, the amplitude
of the excitation signal can be adjusted for a value less than
the free corroding potential.

5.1. Standard deviation of the noise

The standard deviation of the interface was measured with R¢
=1000.06 2 and Gs =49.986 1S, and was calculated with 500
measurement samples. The measurement standard deviation
has also been determined as a function of the measurement
time, which is the total time for the measurement of Tygs,
Tigs, Tofr,gs and Tofrrer. This measurement result is depicted
in figure 4. As an example, for a measurement time of
160 ms, the measured standard deviation amounts to 5.6 nS
for the range of 0.01 uS to 1 mS.

For very short measurement times, the quantization noise,
which originates from the sampling by the microcontroller,
is dominant.  For these short times, the resolution is
inversely proportional to the measurement time. For longer
measurement time, the interface thermal noise is dominant,
which is inversely proportional to the square root of the
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Figure 5. Systematic errors with (a) R = 104.065 Q and (b) R.er =
1000.06 2.

measurement time. A longer measurement time results
in a lower noise level, therefore a smaller measurable
conductance.

5.2. The systematic error

The systematic error of the interface was measured with a
measurement time of 160 ms and two different reference-
resistance values (104.065 € and 1000.06 ). The
measurement results for the conductance G; are depicted in
figure 5.

Figure 7. The effect of the reference resistor.

It is shown that the minimum measurable range is enlarged
by increasing the value of R, For high values of the
conductance, as depicted at the right-hand side of the graph,
the measured error increases linearly with the measured
conductance. It should be noted that it concerns a linear
error, which has been depicted on a logarithmic scale. The
maximum errors amount to 0.28 ©S and 0.022 uS for the
measurement ranges of 0.1 ©S to 10 mS and 0.01 uS to 1 mS,
respectively. These errors could be due to the measurement
error of the reference resistance: an error similar to that shown
in figure 5 can be caused by an error of only 0.0025% in the
value of the reference resistance.

5.3. The effect of the parasitic capacitance

The effects of the parasitic capacitor Cg, on the interface
accuracy were measured for Cg = 1 nF, Ry = 1000.06 2
and Gs = 49.986 uS. The results are shown in figure 6. It is
shown that up to Cy, = 1 nF the measurement error is less than
6 nS. When the measured conductance Gg is reduced to, for
instance, 1 uS, the parasitic-capacitance effect on the standard
deviation is similar to that shown in figure 6. However, in this
case the measured error is reduced with a factor of 3. For low
values of the parasitic capacitances good agreement is found
between the measurement results depicted in figure 6 and those
of figure 5.
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5.4. The effect of the reference resistor

The effect of the reference resistor R.s on the interface
accuracy and resolution was measured with Gs =
49986 uS and a measurement time of 160 ms (see
figure 7). Asexpected, a larger reference resistance results in a
lower standard deviation. However, the maximum measurable
conductance is reduced (see figure 5).

6. Conclusions

In this paper, an interface for grounded conductivity sensors
has been proposed and experimentally evaluated. A high
accuracy has been achieved by applying ac square-wave
excitation, chopping and auto-calibration. The controllable
excitation signal for conductivity sensors enables us to avoid
occurrence of electrolysis. The effects of the main non-
idealities have been analyzed. The results of these analyses
are very useful to optimize the interface system. Depending
on the application, the measurement range can be optimized
by selecting the reference conductance. Experimental results
show that, with a measurement time of about 160 ms, the
interface can measure conductance with a standard deviation
of about 5.6 nS, and a systematic error of 22 nS for a range
from 0.01 S to 1 mS. The proposed interface is very suitable
for implementation in low-cost CMOS technology.
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