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Abstract—This paper presents the design and characterization of 

analog readout interface circuits for ion sensitive field effect 

transistor (ISFET) and ion selective electrode (ISE) based sensor. 

These interface circuits are implemented using MIMOS’s 0.35um 

CMOS technology and experimentally characterized under 24-leads 

QFN package. The characterization evaluates the circuit’s 

functionality, output sensitivity and output linearity. Commercial 

sensors for both ISFET and ISE are employed together with glass 

reference electrode during testing. The test result shows that the 

designed interface circuits manage to readout signals produced by 

both sensors with measured sensitivity of ISFET and ISE sensor are 

54mV/pH and 62mV/decade, respectively. The characterized output 

linearity for both circuits achieves above 0.999 rsquare. The readout 

also has demonstrated reliable operation by passing all qualifications 

in reliability test plan. 

 

Keywords—Readout interface circuit (ROIC), analog interface 

circuit, ion sensitive field effect transistor (ISFET), ion selective 

electrode (ISE), and ion sensor electronics. 

I. INTRODUCTION 

ON sensor is a quick and convenient analytical device that 

can provide real time information on the existence and the 

concentration of specific ions in aqueous solution [1]. Among 

various classes of ion sensors, ion selective electrode (ISE) 

and ion sensitive field effect transistor (ISFET) are the most 

frequently used potentiometric sensors during laboratory 

analysis as well as in industry, process control, medical 

diagnosis, and environmental monitoring. 

Ion sensing membrane is the key component of all ion 

sensors. It establishes the preference of a sensor to respond to 

the ion of interest in presence of other ionic components. The 

flow of target ions across the sensing membrane produces 

electrical signal that corresponds to ion concentrations [2].To 

capture this signal, specific readout interface circuits are 

required [3]-[8].  

In this paper, the implementation and characterization of 

readout circuits for ISFET and ISE sensors are presented. This 

paper is divided into four additional sections. Section II briefly 

describes the principle ion sensors, specifically ISFET and 

ISE. The design implementation of both readout circuits is 

presented in section III. Section IV discusses on measurement 

results and; finally the conclusions are drawn in Section V. 
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II.  ION SENSORS 

An ISFET sensor is similar to conventional MOSFET 

except for standard poly gate is replaced by a reference 

electrode that is inserted in the chemical solution (electrolyte) 

as shown in Fig. 1. At the interface between the gate insulator 

and solution, there is an electric potential difference that 

depends on the concentration of hydrogen ion (H+) of the 

solution or known as pH value. The variation of this potential 

caused by the pH variation will lead to modulation of the drain 

current. 
 

 

Fig. 1 MOSFET and ISFET devices 

 

The model of a conventional MOSFET device can also 

define an ISFET sensor as in (1). The only difference is that 

the threshold voltage of MOSFET is replaced by the threshold 

voltage of ISFET [9]. 
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The ��� is drain current, �� is mobility of electron carriers in 

semiconductor layer, ��	  is oxide capacitance density, W/Lis 

device aspect ratio, ��� is gate-source voltage, ��� is drain-

source voltage and ���������� is the threshold voltage of 

ISFET. With gate region exposed to the chemical solution, the 

threshold voltage of ISFET change accordingly with the 

activity of ions in chemical solution. This electrochemical 

phenomenon is defined as in (2) and (3). 
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The ��!����!"�� is electrochemically induced voltage in the 

threshold voltage of ISFET,����� �� is the MOSFET 

threshold voltage, #$  is chemical constant, Ris a gas constant, 

T is absolute temperature in Kelvin, F is Faraday constant, /$  
is charge of ion i, and +$  is ion activity of ion i. Equation (4) 

includes the effect of ion activity to ISFET electrical 

characteristic. 
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When ISFET is connected to a readout circuit, the output 

voltage VOUT is usually the gate-source voltage VGS of ISFET 

[10]. From (5), the VGS of ISFET is proportional to the 

logarithmic function ion activity+$. Thus, the VOUT of read-out 

circuit reflect the ion activity. 
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Ion-selective electrode (ISE) is an electrochemical sensor 

based on thin film or selective membrane as recognition 

element. The scheme of ISE is shown in Fig. 2.  

 

 

Fig. 2 Operational principle of an ISE 

 

In order to measure the electrode potential developed at the 

ion-selective membrane, the ISE electrode must be immersed 

in the solution together with a separate reference electrode. At 

equilibrium, the electrons added or removed from the solution 

by the ISE membrane (depending on whether it is cation or 

anion sensitive) are balanced by an equal and opposite charge 

at the reference interface. This causes a positive or negative 

deviation from the original stable reference voltage [11].The 

relationship between the ionic concentration (activity) and the 

electrode potential is given by the Nernst equation (6). 
 

# � #= % >�.@=@&�
�� A BCDE+$F                                                   (6) 

 

where E is the total potential (in mV) developed between the 

sensing and reference electrodes. The #= is related to the 

potential of the reference electrode, (2.303RT/nF) is the Nernst 

factor, and +$ is the ionic activity. The Nernst factor 

�2.303RT/nF�includes the Gas Law constant (R), the 

temperature in degrees Kelvin (T). Faraday’s constant (F) and 

the charge of ion (/). 

III.   DESIGN IMPLEMENTATIONS 

To monitor the change of ion activity, ISFET have to 

operate in the linear region and should maintain constant 

voltage constant current (CVCC) mode. These conditions 

make the gate–source voltage (VGS) proportional to the internal 

ISFET’s treshold voltage (VTH).  

The designed readout circuit for ISFET based sensor is 

shown in Fig. 2. It consists of three major parts; CVCC circuit, 

temperature sensor and summing circuit. CVCC technique is 

implemented for sensing a signal from sensor due to its 

robustness. Basically, it is comprises of two operational 

amplifiers; OP1 and OP2. The OP1 is connected to the source 

of ISFET while OP2 is connected to the drain and provides a 

feedback to the ISFET gate. In this way, the gate voltage 

serves as the output signal in response to electrolyte solutions. 

To ensure ISFET operates in linear region at fixed VDS, the 

internal reference voltage for V1 and V2 is set to 0.2V and 

0.7V, respectively. These reference voltages are generated 

from bandgap reference circuit to make them independent to 

temperature and power supply variation. R3 set the ISFET’s 

operating current to maintain at 100uA. OP3 are employed as 

buffer to improve driving capability. 

The ISFET sensor has a drawback of temperature 

dependency [12]. To accommodate this problem, a 

temperature sensor is included in this readout circuit to 

compensate the temperature effect. For CMOS process, we 

can use parasitic pnp or MOS threshold voltage extractor to 

sense the temperature change. Through summing circuit the 

positive temperature coefficient of ISFET is cancelled out by 

adding to negative temperature coefficient of temperature 

sensor. Programmable gain amplifier (PGA) is employed to 

adjust the temperature coefficient of temperature sensor to a 

value close to ISFET’s temperature coefficient. Thus, the 

cancellation can be done to nearly zero value. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Readout interface circuit for ISFET based sensor 

 

The readout circuit for ISE based sensor as shown in Fig. 4. 

It comprises of three operational amplifiers; OP1, OP2 and 

OP3. Generally, it is a differential amplifier circuit since ISE 

itself is a potential device. 

 
 

 

 

 

 

 

 

 

Fig. 4 Read-out interface circuit for ISE based sensor 
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OP1 and OP2 operate as a buffer where ISE sensor and 

reference electrode are connected to each of them.  ISE_VOS 

provides option for output voltage level adjustment. The 

output voltageis given by (7). 

 
VISE_OUT�VISE–VISE_REF %VISE_VOS                                                                                            (7) 
  

ISFET readout circuit simulation usesan established 

behavioral macro-model from Sergio Martinoia and Giuseppe 

Massobrio [13]. It is based on a modified SPICE MOS 

transistor model. The model combines in a single set of 

mathematic equations different chemical, thermal and 

electrical phenomena occurring in ISFET sensor device. It is 

suitable for the simulations of the device operating in a 

relatively wide range of temperature and hydrogen ion 

concentration. 

The complete layout of readout circuits is shown in Fig. 5. 

It is realized using three metal layers and double polyCMOS 

process. All necessary layout techniques such as common-

centroid, inter-digitized, dummy devices have been 

implemented to achieve best device matching and for the 

precision of produced output voltage. The latch-up and ESD 

protection are also considered in this layout. The layout 

occupies (2x2)mm
2
 silicon area with 48 I/O pads. 

 

 

Fig. 5 Physical layout of ISFET and ISE readout circuits. © 2011 

MIMOS Berhad 

IV. MEASUREMENT 

For characterization purposes, the IC of interface circuits is 

packaged using QFN type with 24-leads. Two separate test 

boards are prepared with special socket to clinch the IC. 

Commercial ion sensors and buffer solutions for pH and 

nitrate (NO3
-
) are used in this characterization. The test results 

are then benchmarked with the data collected using standard 

procedures of ion measurement. For ISE, ion concentrations 

are determined using commercial ion meter from Orion. 

Meanwhile, ISFET based sensor is analyzed using I-V 

characteristic. Each type of read-out interface circuit is 

characterized on their sensitivity and linearity characteristics. 

Fig. 6 plots the measured gate-source voltage (VGS) of 

ISFET using I-V characteristic analysis (standard procedure) 

and the generated output voltage of designed readout circuit in 

three different buffer solutions. The output sensitivity and 

linearity of both conditions are comparable to each other. Fig. 

7 shows the potential voltages of ISE sensor to reference 

electrode in four different concentrations of ion nitrate using 

commercial ion meter (standard procedure) and the produced 

output voltage of our readout circuit. Both cases give 

sensitivity closes to 62mV/dec and they are linear. 

 

 

Fig. 6 Test results for ISFET based sensor using standard I-V 

characterization and proposed readout circuit 

 

 

Fig. 7 Test results for ISE based sensor using ion meter and proposed 

readout circuit. 

 

Figs. 8 and 9 show the output voltage of both readout 

circuits with different supply voltages. As can see on the plot, 

there is not much variation on the produced output voltage 

within power supply ranges of 2.4V to 3.6V.  
 

 

Fig. 8 Output voltage of ISFET readout circuit with different supply 

voltages. © 2011 MIMOS Berhad 
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Fig. 9 Output voltage of ISE readout circuit with different supply 

voltages. © 2011 MIMOS Berhad 

 

The characterized output linearity for ISFET and ISE 

readout circuits are shown in Figs. 10 and 11. Both circuits 

manage to achieve high output linearity with above 0.9999 

rsquare (rsq). 
 

 

Fig. 10 Output linearity of ISFET readout circuit with different 

supply voltages. © 2011 MIMOS Berhad 

 

 

Fig. 11 Output linearity of ISE readout circuit with different supply 

voltages. © 2011 MIMOS Berhad 

 

Besides output sensitivity and linearity, the internal 

reference voltages for setting up the drain-source voltage 

(VDS) of ISFET are measured. Figs. 12 and 13 show the 

measured result for drain voltage (VD) and source voltage 

(VS), respectively.  

 

Fig. 12 Measured voltages for drain of ISFET with varies supply 

voltage. © 2011 MIMOS Berhad 

 

 

Fig. 13 Measured voltages for source of ISFET with varies supply 

voltage. © 2011 MIMOS Berhad 

 

On top of functionality test, we also consider reliability test 

to evaluate our design at component level. Fig. 14 illustrates a 

flow diagram for the conducted reliability test. The test is done 

by third party. For this test, 308 ICs were provided to be tested 

and all of them passed the evaluation specified.  
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Fig. 14 Flow diagram of reliability test 

V. CONCLUSION 

The readout interface circuits for ion sensitive field effect 

transistor (ISFET) and ion selective electrode (ISE) sensor 

have been developed and characterized. Table I summarizes 

the characteristics of designed of readout circuits. 
 

TABLE I 
READOUT CIRCUITS CHARACTERISTICS 

Parameter Min Typ Max 

Voltage Supply, VDD 2.4V 3V 3.6 

Temperatre 0oC 27oC 60oC 

Operating Current,IDD  4mA  

ESD Protection  2kV  

ISFET ROIC    

Internal VISFET_D 0.7V 

Internal VISFET_S  0.2V  

Output Linearity, RSQ 0.999  1.0 

Output Voltage, VOUT (VISFET_REF + VISFET_TEMP – VISFET_VOS) 

ISE ROIC    

Output Linearity, RSQ 0.999  1.0 

Output Voltage, VOUT (VISE - VISE_REF + VISE_VOS) 
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