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A Self-Adaptive Front-End for  
Grounded Conductivity Sensors in 

Liquid-Monitoring Applications 
Qi Jia, Xiujun Li, and Gerard C.M. Meijer 

 
Abstract— In this paper a self-adaptive front-end for 

measuring liquid conductivity has been proposed. To address the 
chemically active environment that the sensor electrodes will face, 
the DC component of the excitation signal is set to be zero. 
Moreover the final system will be functional with a single power 
supply even when one terminal of the sensor electrode is grounded. 
The use of a reference conductance will make sure the full 
dynamic range of the system can be always used, therefore the 
best signal-to-noise ratio can be achieved. The design has been 
implemented and submitted for fabrication in a 0.35μm CMOS 
technology.  
 

Index Terms— conductivity measurement, adaptive signal 
processing 
 

I. INTRODUCTION 
ONDUCTIVITY sensors are widely used in agricultural and 
food industries for monitoring and controlling specific 

biological/chemical features and qualities of the liquid.  
The conductivity of such liquid is usually measured by 

means of detecting the conductance/resistance of a specific 
structure, which is made of the very same kind of liquid and the 
sensor electrodes.  

However, because of the direct exposure of the electrode to 
the liquid, the chemically active environment will cause special 
problems for the sensor electrodes. One of those problems is 
that a DC component in the excitation signal will cause 
undesired chemical reactions, thus accelerating the corrosions, 
on the electrodes. So the proposed design should be able to 
protect the electrodes from the corrosions or at least not to 
accelerate it.  

Another problem is that in many applications one electrode 
of a conductivity sensor is grounded to earth physically, which 
is due to specific restrictions of the application. The result is 
that, for symmetrical excitation, the other electrode will see 

both a positive and a negative voltage, which could require an 
extra negative power supply for the sensor system. For today’s 
single- supply-microcontroller centered sensor systems, this 
would be rather undesirable. To address this problem, in this 
paper a combination of a current-driving scheme with the 
capacitor-based galvanic isolation is proposed.  
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One common problem of the current excitation of sensor 
probes is that it usually limits the measurement range. For a 
predefined current value, the response voltage on the sensor is 
proportional to the equivalent resistance Rx of the sensor. 
However the modern electronics system has a fairly small 
power supply voltage, which greatly limits the system’s 
dynamic range in voltage domain. Thus only some specific 
applications, which suit the measurement range of the 
data-acquisition system, can be measured. An application 
independent solution has been given in this paper and detailed 
discussion is given in section II. 

The presented work is a subsystem of a novel multi- 
functional sensor interface called Universal Sensor Interface, 
where different types of sensors can be interfaced with one chip 
by configuring the chip in one of the different operation modes. 

II. DESIGN CONSIDERATIONS 
The simplified system diagram is shown in Figure 1. The 

sensor Rx is galvanic-isolated from the measurement system 
with capacitors C1 and C2. Two operational floating amplifiers 
(OFA) generate a current flowing through the C1, Rx and C2. 
The level of this current is defined by Vex and Rref. The resulting 
voltage is then sensed by an instrumentation amplifier. 
Capacitors C5 and C6 again isolate the charge carriers between 
the sensor and the measurement system. To obtain the value of 
Rx, we measure the voltage Vref across the reference resistor 
Rref and the Vx from the sensor. With three-signal 
autocalibration method{Meijer, 1992 171 /id} we can calculate 
the value of Rx by 

 x off
x ref

ref off

V V
R R

V V
−

=
−

 (1) 

where Voff is the system offset referred to the input of the 
instrumentation amplifier A3 and is obtained by taking the 
output result while short circuit the input of A3. 

Detailed explanations for each design consideration will be 
given in this section. 

C 
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Figure 1. Simplified system diagram 

 

A. Current Excitation with Capacitive Isolation 
For a grounded conductivity sensor, a symmetrical excitation 

signal means a positive and negative voltage on that 
non-grounded terminal of the sensor. In this case both voltage 
and current excitation can be applied to have this negative 
voltage. However directly applying a negative voltage signal 
on the sensor would require a double-supply amplifier and a 
negative power supply. For nowadays’ microcontroller 
centered data acquisition system a negative power supply is 
certainly not preferred. On the other hand with a capacitive 
isolation the bipolar current excitation is compatible with both 
the single power supply on the electronics side and the negative 
voltage on the sensor side. Therefore the combination of a 
current excitation with a capacitive isolation has been used. 

To have a bi-directional current on the sensor, a chopper has 
been applied. Generally there are two places to put the chopper. 
One is between the voltage input of OFAs and Vex. Here the 
voltage Vex is chopped, so a ±Vex will become the input of the 
OFAs. Another place to insert the chopper is at the output 
terminals of the OFAs, where the current generated by the 
OFAs is chopped.  

In practice even with great carefulness during the layout 
design, the OFAs will still have some offset due to the random 
mismatch. In the phase where Vex is the input voltage, the 
output current is 

 1 2( )out ex os os ref/I V V V R= + −  (2) 
While in the other phase, where –Vex is the input voltage, the 

output current would be 
 1 2(out ex os os ref

Compare (2) and (3), we can see that they not equal in 
amplitude. Therefore a long-term DC component will reside on 
the sensor, thus accelerate the chemical reactions on the 
electrodes. However the chopper at the output of OFAs would 
not observe this problem, since the same current is used and 
only the direction is reversed in two phases. So the current 
position of the chopper is decided. 

B. Adaptive Current Generation 
As introduced in section I, the current driving compared with 

voltage driving suffers a problem of limited dynamic range of 
the system, thus the system is only able to interface a limited 
input range. 

A conventional solution to this problem is to divide the input 
range into several sub ranges. For each sub range an excitation 
current is used. In this way a total large input range can be 
implemented. However the sub ranges are usually predefined 
during the design phase of the measurement system. The real 
world sensors may not exactly vary in any sub range of the 
system. Suppose that we have a measurement system, which 
has sub ranges of 100Ω and 1000Ω, and a sensor, which varies 
between 50Ω and 200Ω. We would have to use the 1000Ω 
range of the measurement system, but then we lose 80% of the 
dynamic range of the system. 

To address this problem we introduce a reference resistance 
Rref, which can be chosen in such a way that Rref equals to the 
maximum value of the Rx. The current to excite the Rx is 
defined as 

 /ex ex refI V R=  (4) 

) /I V V V R= − + −  (3) 
where Vex is defined by the system. In this way the maximum 

response voltage Vx on Rx would be Vex, we can design the gain 
of the instrumentation amplifier to make full use of the 
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system’s dynamic range. And because the user can always 
select Rref to be the maximum possible value of interest, the 
performance will be application independent. 

C. Differential Driving 

 
Figure 2. The circuit implementation of OFAs 

For the grounded conductivity sensor, it would be enough at 
the circuit level to have a single ended driving and detecting. 
However in practice the ground connection may not be very 
explicit. The so called ground can easily be the earth of the 
whole sensor system. And if we inject the current into the 
sensor’s floating terminal, the return path of this current is 
undefined and can be rather large and complex. Therefore this 
setup would be very bad for EMC and vulnerable to all kinds of 
EMI. To have a good EMC property, we have to define the 
current return path explicitly. Therefore a differential driving 
method has been applied. In Figure 1 with two OFAs we 
provide a complete current loop for the sensor.  

III. DETAILED CIRCUIT FOR IMPORTANT BUILDING BLOCKS 
Based on the considerations in section II and Figure 1, we 

have a system that can perform all the requirements to be an 
adaptive front-end for a wide range of conductivity sensors. 
However to successfully implement all the building blocks will 
need in depth analysis of the requirements and the trade-offs we 
have to take. 

A. Implementation of OFAs 
The operational floating amplifiers are different from other 

types of operational amplifiers because of the unique feature 
that the two output terminals of an OFA have exactly the same 
amount of current flowing in/out of that terminal. This is 
particularly important in this design because in order to know 
the value of Rx by Vx, Vref and Rref through equation (1), it has to 
be true that the current flowing through Rx is exactly the same 
to the current flowing through Rref. Otherwise the final result 
will be erroneous. Equation (1) can be written as 

 
( )
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where the ΔIex is the mismatched current between the Rref and 
the Rx. It is clear that any mismatch is directly translated into 
the final error without any attenuation. Therefore the design of 
the two OFAs has to insure the perfect balance between the 
output currents. 

Because the output current is defined by the Vex and the Rref, 
which is chosen by the user according to the application, the 
level of this current can be very different. Suppose a Vex of 100 
mV, for Rref of 100 Ω and 100 kΩ the resulted current will vary 
from 1 μA to 1 mA. In this case, to be able to provide the 
necessary amount of current for the 100 Ω Rref, a class A output 
stage would have a quiescent current of at least 1.2 mA to avoid 
serious distortion. However when Rref is in the range of 100 kΩ, 
this will be a big waste for the power consumption. For high 
power efficiency, the output stage of the OFA should be class 

AB or other type of circuits with a similar functionality. 
There are several ways to implement an operational floating 

amplifier. In {Sedra, 1989 320 /id;Haslett, 1979 321 /id;John 
H.Huijsing, 2001 322 /id} different types of OFA designs have 
been demonstrated. In [2][3] the matching of the output 
currents directly depends on the matching of the transistors. 
And in silicon implementation, this matching factor would be 
0.5% at best for a reasonable area. And therefore the final 
system accuracy can not be better than this. So this is not 
acceptable for a high accuracy measurement system. In [3] the 
output current of one terminal is measured by a monitor resistor 
in series with the output and accurately copied into another 
current. In this case the matching of the output current is 
depending on the matching of two resistors, which is much 
better than the matching between transistors. But since the 
current level is changing significantly according to the Rref 
value, it is very difficult to select the value of the monitoring 
resistor and impossible to cover a large range of Rref with a 
single value monitoring resistor.  

Figure 2 shows the implementation of the OFAs A1 and A2. 
With one opamp and one pmos/nmos transistor, we now have 
an operational amplifier that fulfills all the requirements. The 
two output terminals are source and drain of the same transistor; 
therefore they are always equal to each other.  

The problem of such an amplifier is that it has no driving 
ability, which means we have to initiate a current that flows in 
the OFAs, and then the negative feedback configuration will 
regulate the current level. The isolation capacitors C1, C2 have 
been assigned another role here as the energy storage. During 
the reset phase, left pins of C1 and C2 are reset to either VDD or 
GND respectively depending on the current direction. See 
Figure 3. During the driving phase, the charge stored in C1 and 
C2 will provide a current flowing through the OFAs with the 
relation of (4). The reset phase is necessary here to perform two 
functions: one is to define the voltage on the high impedance 
nodes at the left pins of the isolation capacitors C1 and C2; the 
other is to recharge the capacitors C1 and C2 so that next phase 
there will be current flowing in the circuit. And the reset circuit 
is discussed in next section. 

B. Reset Circuits 
Two reset circuits are shown side by side in Figure 3. The 

circuit is working in the sequence of K3, K1, K4 and K2. The 
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Figure 3. Two types of reset circuits 

circuit A uses two capacitors for the isolation whereas circuit B 
uses four capacitors. However the circuit A consumes much 
more power than circuit B, since it is frequently resetting 
capacitors between VDD and GND. The two extra capacitors 
do not need to be accurate and hence do not increase the cost 
and board area very much. Therefore the circuit B has been 
chosen for the final design. 

IV. IMPLEMENTATION 
The proposed design has been designed for manufacture 

with AMI Semiconductor 0.35μm CMOS-A technology. And 
the active area measures 530 μm × 640 μm. 

V. CONCLUSION 
An application-adaptive front-end circuit for grounded 

conductivity sensor has been designed.  The proposed system 
can operate with a single power supply while providing an 
accurate symmetrical excitation on the sensor. The special way 
of implementation of the system’s building blocks gives very 
high power efficiency. The proposed system can be applied in a 
very wide range of conductance/resistance measurement 
applications without any modification.  

 
 
 
 
 
 

 

REFERENCE 
 

[1] G. C. M. Meijer, J. van Drecht, P. C. de Jong, and H. Neuteboom, "New 
Concepts for Smart Signal Processors and Their Application to PSD 
Displacement Transducers," Sensors and Actuators A-Physical, vol. 35, 
no. 1, pp. 23-30, 1992. 

[2] A. S. Sedra, "The current conveyor: history and progress," in Circuits and 
Systems, 1989., IEEE International Symposium on 1989, pp. 1567-1571. 

[3] J. W. Haslett and C. J. Veelenturf, "A high quality controlled current 
source," IEEE Trans. Instrum. Meas., vol. IM-28, no. 2, pp. 132-140, 
1979. 

[4] John H.Huijsing, Operational Amplifiers -- Theory and Design Kluwer 
Academic Publisher, 2001. 

 
 

45


	I. INTRODUCTION
	II. Design Considerations
	Current Excitation with Capacitive Isolation
	B. Adaptive Current Generation
	C. Differential Driving

	III. Detailed Circuit for Important Building Blocks
	A. Implementation of OFAs
	B. Reset Circuits

	Implementation
	V. Conclusion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


