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This paper demonstrates a micropower offset- and temperature-compensated smart pH sensor, intended for use in batterypowered RFID systems that monitor the quality of perishable products. Low operation power is essential in such systems to
enable autonomous logging of environmental parameters, such as the pH level, over extended periods of time using only a small,
low-cost battery. The pH-sensing element in this work is an ion-sensitive extended-gate field-effect transistor (EGFET), which is
incorporated in a low-power sensor front-end. The front-end outputs a pH-dependent voltage, which is then digitized by means
of a co-integrated incremental delta-sigma ADC. To compensate for the offset and temperature cross-sensitivity of the EGFET, a
compensation scheme using a calibration process and a temperature sensor has been devised. A prototype chip has been realized
in a 0.16 𝜇m CMOS process. It occupies 0.35 × 3.9 mm2 of die area and draws only 4 𝜇A from a 1.8 V supply. Two different types of
custom packaging have been used for measurement purposes. The pH sensor achieves a linearity of better than ±0.1 for pH values
ranging from 4 to 10. The calibration and compensation scheme reduces errors due to temperature cross-sensitivity to less than
±0.1 in the temperature range of 6∘ C to 25∘ C.

1. Introduction
Of the food produced globally for human consumption,
about one third is lost or wasted [1]. In particular in industrialized countries, a substantial part of this waste concerns
food that is, in principle, suitable for consumption, but that is
discarded due to expiring “best-before” dates. This is mostly
due to the fact that, at present, due-dates of perishables
are mainly estimated from past historical knowledge of the
product degradation, which, in most cases, underestimates
the actual shelf life.
The quality of perishable goods can be determined more
precisely if accurate information is available about the actual
conditions that a particular product has been kept in. This
could be done by means of a small and low-cost sensor
tag that monitors relevant environmental parameters (such
as temperature, humidity, pH level, O2 concentration, and

CO2 concentration) [2]. Among these parameters, the pH
level is particularly important for quality monitoring of meatand fish-based products. The pH decay of meat postmortem
(from ∼7.5 to close to 5) can also be an indicator for the eating
quality (i.e., tenderness) [3, 4].
Such a sensor tag could be equipped with radio-frequency
identification (RFID) technology for communication and a
thin-film battery to provide energy for data logging [2, 5].
To comply with the limited power and energy available in
such a system, a power- and energy-efficient pH sensor is
required. This work targets a power consumption of less
than 10 𝜇W and an energy consumption of less than 1 𝜇J
per pH measurement. Moreover, a pH sensor with cointegrated circuitry that provides a digital output is preferred
for this application, since it is robust to external interference
and its output can be readily processed, for example, by a
microcontroller [6].
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Figure 1: Diagram of the extended-gate field-effect transistor
(EGFET).

An ion-sensitive field-effect transistor (ISFET) is a
promising candidate for implementation of a portable and
low-cost pH sensor, as it is compatible with CMOS technology [7–12]. By embedding an ISFET in a translinear loop
composed of MOS transistors biased in the weak-inversion
region, [7] demonstrates an ultra-low power (sub-microamp) current-mode pH sensor; however, it does not provide
a digital output. In [8], a pH sensor with digital output (a
“smart” pH sensor) is reported, but this design consumes
2.1 mW. In order to make the sensor more robust to commonmode errors, it uses an ISFET in a differential structure
together with an ion-insensitive FET (or so-called reference
FET, REFET). An 80 𝜇W pH sensor system, reported in [9],
took a major step towards a micropower smart pH-sensor. It
combines an array of ISFETs interfaced with a co-integrated
analog-to-digital converter (ADC).
ISFET-based pH sensors are strongly cross-sensitive to
ambient temperature: their pH sensitivity is proportional
to absolute temperature (PTAT) [4, 11, 13–17]. This should
be properly addressed in applications where the temperature is expected to vary, as is the case in the logistic
chain of perishable products. By means of an algorithmic
temperature-compensation approach and a dynamic biasing
current technique, [14, 16] address this issue in a pH range
of 4 to 9 and temperature range of 22∘ C to 50∘ C and
of 23∘ C to 40∘ C, respectively. In [11], an ISFET-based pH
sensor is combined with a p-n junction diode for combined
monitoring of pH and temperature, but without explicitly
addressing compensation for temperature cross-sensitivity.
In [17], the cross-sensitivity to temperature is addressed
by using a co-integrated temperature-sensing system that
is based on the temperature-dependent characteristics of a
MOSFET’s threshold voltage. After performing temperature
compensation, the ISFET’s temperature sensitivity is reduced

by a factor of 10. These works, however, do not provide a
digital output.
In this work we present a micropower smart pH sensor,
for battery-powered pH-monitoring applications. We have
reported preliminary results of this sensor in [6]. This paper
describes the sensor in more detail and introduces a digital temperature-compensation scheme together with additional measurement results obtained with a new packaging
approach. The sensor employs an extended-gate field-effect
transistor (EGFET) for pH sensing and substrate bipolar
transistors for temperature sensing. A shared ADC digitizes
both pH and temperature information in a time-multiplexed
manner, while consuming only 7 𝜇W.
This paper is organized as follows. Section 2 introduces
the basic operating principle of an EGFET and two important nonidealities: temperature cross-sensitivity and offset
voltage. In Section 3, the proposed method for temperature
and offset compensation is presented. The low-power sensor
front-end and the delta-sigma (ΔΣ) analog-to-digital converter (ADC) are described in Sections 4 and 5, respectively.
The paper continues with a discussion on the implementation, packaging, and measurement results in Section 6.
Section 7 concludes the paper.

2. Extended-Gate Field-Effect
Transistor (EGFET)
A schematic diagram of the sensing element, which includes
an EGFET and a reference electrode, is shown in Figure 1 [6].
The EGFET is basically a MOSFET (metal-oxide field-effect
transistor) of which the gate is extended to the passivation
layer of the die via metal interconnect. On this layer, the
sensor dielectric (sensor membrane) is deposited to be in
direct contact with the target analyte. The dielectric is made of
Ta2 O5 deposited by a highly conformal chemical vapor deposition (CVD) process, so as to obtain a tight layer stack and
thus prevent leakage and drift. The reference electrode used
in this work is a commercial glass electrode. In future work,
this will be replaced by a reference electrode integrated in
the package of the sensor (see Section 6.1). A bias voltage 𝑉𝑏 ,
applied to this electrode, experiences a pH-dependent voltage
shift Δ𝑉pH at the dielectric-analyte interface, modulating the
threshold voltage 𝑉th of the MOSFET.
The threshold-voltage shift Δ𝑉pH has a sensitivity that is
proportional to absolute temperature (PTAT) and roughly
equals 55 mV/pH at room temperature [11, 13–17]. Moreover,
due to trapped charge between the MOSFET gate and the
sensor dielectric, Δ𝑉pH shows an offset voltage 𝑉os (max.
±300 mV in our process), which we assume to be nominally
temperature independent. The shift in EGFET threshold
voltage can therefore be expressed as
Δ𝑉pH = 𝐴 ⋅ 𝑇 ⋅ (pH − pH0 ) + 𝑉os

(1)

in which 𝑇 [K] is the absolute temperature, pH is the pH
level of the analyte, and 𝐴 and pH0 are constants defining the
sensitivity and zero point of the pH-dependent voltage shift.
Any die-to-die variations in these constants are corrected
for during system calibration. The next section discusses the
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method used to mitigate the effects of temperature variation
and 𝑉os on the pH reading.

3. Temperature and
Offset-Voltage Compensation

Vb

By means of a calibration process and temperature information obtained from an embedded temperature sensor,
the effects of offset voltage and temperature variation are
compensated. To characterize the EGFET’s response to an
analyte, the parameters in (1) should be first calibrated.
During the calibration process, the sensor is exposed to
a buffer solution with a known pH level (measured by a
reference pH meter). The temperature is measured by the
sensor and therefore does not have to be accurately stabilized.
The on-chip ADC then digitizes the resulting Δ𝑉pH with
respect to a constant reference voltage 𝑉ext , which is currently
implemented off chip, but can be readily integrated using a
band-gap reference circuit. This gives a digital representation
of Δ𝑉pH as
𝜇1 =

Δ𝑉pH
𝑉ext

.

(2)

To obtain the temperature information, the ADC also
digitizes Δ𝑉pH with respect to an on-chip generated PTAT
voltage 𝑉PTAT , resulting in digital value
𝜇2 =

Δ𝑉pH
𝑉PTAT

,

(3)

and then, by digitally dividing the results of these two
conversions, temperature is calculated:
𝜇1 𝑉PTAT
=
=𝑏⋅𝑇
𝜇2
𝑉ext

(4)

in which 𝑏 is a constant, obtained from a temperature
calibration process. Thus, three parameters in (1), Δ𝑉pH , pH,
and 𝑇, can be obtained.
In order to calculate the other three parameters, namely,
𝐴, pH0 , and 𝑉os , the above process should be performed for
another two times: once with the same buffer solution but
at a different temperature and once with a different buffer
solution (different pH level) and at an arbitrary temperature.
By solving the resulting set of three equations obtained
from this calibration process, the three unknown calibration
parameters 𝐴, pH0 , and 𝑉os can then be calculated.
During the normal operation of the sensor, Δ𝑉pH and
𝑇 are digitized in the same way by means of the two
aforementioned analog-to-digital conversions. The pH level
of the target analyte is then calculated by using the three
calibration parameters as
pH =

(Δ𝑉pH − 𝑉os )
(𝐴 ⋅ 𝑇)

+ pH0 .

(5)

4. Front-End Circuits
The front-end circuits for pH and temperature measurement
are described in this section.
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Figure 2: Differential source-follower with embedded EGFET
followed by a 1st-order incremental ΔΣ ADC.

4.1. pH Sensor. Figure 2 shows the pH-sensor front-end
which employs one EGFET (𝑀2 ) and one regular MOSFET
(𝑀1 ) as the input-pair of a differential source-follower (SF).
Both the EGFET and the regular MOSFET have an aspect
ratio 𝑊/𝐿 of 8 𝜇m/2 𝜇m, and each is biased at a current level
𝐼𝑏 of only 80 nA. A bias voltage 𝑉𝑏 is applied to both the gate
terminal of the MOSFET and the reference electrode of the
EGFET. The voltage at the source terminal of the MOSFET
is then 𝑉S,MOS = 𝑉𝑏 + 𝑉SG,MOS , where 𝑉SG,MOS is the sourcegate voltage of the MOSFET, while the voltage at the source
terminal of the EGFET equals 𝑉S,EGFET = 𝑉𝑏 + 𝑉SG,EGFET .
Since the input-pair devices are equally sized and biased
at the same current level, the source-gate voltages of the
two MOSFETs are nominally equal, leading to a differential
ADC input voltage equal to the pH-dependent threshold
shift Δ𝑉pH of the EGFET. Any (pH-independent) thresholdvoltage mismatch between the MOSFETs can be accounted
for in Δ𝑉pH by appropriate values for 𝑉os and pH0 in (1) and
will thus be compensated by the calibration process. It should
also be mentioned that connecting the source and the body
terminals of each input device together eliminates errors due
to the transistors’ body effect.
The bias voltage 𝑉𝑏 should be chosen to provide enough
voltage swing capability at the SF output; however, it does
not need to be accurately controlled, as any error in 𝑉𝑏 will
translate to a common-mode signal for the differential SF
circuit, which to first order will not influence the differential
output voltage. The two current sources are periodically
switched between the MOSFET and the EGFET (chopping
technique) in order to average out the error caused by
mismatch in their current levels [18].
4.2. Temperature Sensor. By exploiting the temperature-dependent base-emitter voltage 𝑉BE of the parasitic substrate
bipolar transistors (PNPs) available in standard CMOS technology, the temperature information is extracted. The baseemitter voltage of a bipolar transistor biased in its forwardactive region is described by the following well-known
equation [18, 19]:
𝑉BE =

𝐼
𝑘𝑇
ln ( 𝐶 )
𝑞
𝐼𝑆

(6)

in which 𝑘 is Boltzmann’s constant, 𝑞 is the electron charge, 𝑇
is the absolute temperature, 𝐼𝐶 is the collector current, and 𝐼𝑆
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Figure 4: Circuit diagram of the fully differential first-order ΔΣ
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is the transistor’s saturation current, which is proportional to
the transistor’s emitter area. While temperature dependent,
𝑉BE is not a very reproducible function of temperature
due to the large tolerance of the saturation current 𝐼𝑆 in
CMOS technology. The resulting spread in 𝑉BE can lead
to temperature errors as large as ±3∘ C [18]. However, the
difference between the base-emitter voltages, Δ𝑉BE , of two
PNPs that are biased at different current densities is much
more accurate, since it is insensitive to 𝐼𝑆 .
Figure 3 shows two parasitic substrate PNPs, 𝑄1 and
𝑄2 , with an emitter-area ratio of 𝑝 = 24, each biased at
only 100 nA emitter current. The difference between the baseemitter voltages of these two PNPs, Δ𝑉BE , has a well-defined
PTAT characteristic [18, 19]
Δ𝑉BE = 𝑉BE1 − 𝑉BE2 =

𝑘𝑇
ln (𝑝)
𝑞

(7)

which, at room temperature, is about 85 mV.
The reason for choosing 𝑝 = 24 is that it biases both 𝑄1
and 𝑄2 in the constant-beta region at the 100 nA current level,
so that the collector-current-density ratio is not affected by
the finite current-gain of the transistors [18]. Furthermore,
to reduce the effect of device mismatch on the emitter-area
ratio, it allows a common-centroid layout of 𝑄1 and 𝑄2 , in
which 𝑄1 is the middle device of an array of 5 × 5 equally sized
PNPs and 𝑄2 is composed of the remaining 24 devices. To
mitigate the effects of mismatch of the current sources, they
are periodically interchanged during a measurement using a
chopper switch, so that errors due to their mismatch average
out.

5. Delta-Sigma (ΔΣ) ADC
Given the slowly varying nature of the pH and the temperature signals, which have a bandwidth in the order of a
few tens of Hertz, an incremental ΔΣ ADC is chosen, which
exploits oversampling to digitize its input signal [18, 20].
Figure 4 shows the circuit diagram of the fully differential
first-order ΔΣ ADC. It consists of a switched-capacitor
integrator, built around an operational transconductance
amplifier (OTA), and a clocked comparator. The input of
this ADC is the voltage Δ𝑉pH produced by the pH-sensor

front-end circuit. To implement the compensation method
discussed in Section 3, the (differential) reference voltage 𝑉ref
of the ADC is provided either by the PTAT voltage Δ𝑉BE
generated by the temperature sensor front-end circuit or by
an external reference voltage 𝑉ext .
The ADC works as follows. During 𝜑1 , the input capacitors 𝐶𝑆 of 50 fF sample the input voltage Δ𝑉pH , while the
feedback capacitors 4𝐶𝑆 sample the voltage 2𝑉ref (either 𝑉ext
or Δ𝑉BE ). During 𝜑2 , capacitors 𝐶𝑆 transfer a charge 𝐶𝑆 ⋅Δ𝑉pH
to the integration capacitors 𝐶int , which equal 250 fF. At the
same time, the capacitors 4𝐶𝑆 transfer a charge of ±4𝐶𝑠 ⋅ 3𝑉ref
to the integration capacitors, with a polarity that depends on
the bitstream output bs of the comparator (0 or 1). The latter is
determined by the polarity of the integrator’s output voltage
at the rising edge of the 𝜙eval signal. This establishes a negative
feedback that drives the integrator’s output voltage to zero. As
a result, after 𝑁 clock cycles, the charge contributed by Δ𝑉pH
will be balanced by the charge contributed by 𝑉ref .
𝑁 ⋅ 𝐶𝑆 ⋅ Δ𝑉pH − 𝑀 ⋅ 12 ⋅ 𝐶𝑆 ⋅ 𝑉ref + (𝑁 − 𝑀) ⋅ 12 ⋅ 𝐶𝑆
⋅ 𝑉ref ≈ 0,

(8)

where 𝑀 is the number of clock cycles during which bs = 1.
Hence, the average of ADC’s output bitstream is
𝜇1 =

Δ𝑉pH
𝑀
1
+
=
𝑁 (24𝑉ref ) 2

(9)

from which the ratios 𝜇1 and 𝜇2 given by (2) and (3), required
for the pH sensing and temperature compensation, can easily
be obtained by using first Δ𝑉BE and then 𝑉ext for 𝑉ref . Given
that 0 ≤ 𝜇 ≤ 1, the ADC can digitize values of Δ𝑉pH in the
range of ±12 ⋅ 𝑉ref , which is chosen to accommodate the total
variation of Δ𝑉pH , which can be as large as ±500 mV over the
pH range of 4 to 10 (including the maximum 𝑉os of ±300 mV).
The OTA used in the integrator has a folded-cascode
topology. Errors due to its offset and 1/𝑓 noise are mitigated
by means of chopping. The clocked comparator consists of
a dynamic latch preceded by two preamplifier stages with
an approximate gain of 5x each. The ADC runs at a clock
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frequency of 25 kHz and draws a supply current of 3.5 𝜇A,
of which 300 nA is consumed by the OTA and 3.2 𝜇A by the
comparator. The majority of the supply current is consumed
by an unintended shoot-through current in a logic gate at the
output of the comparator. This can easily be mitigated in a
redesign, after which the supply current should be reduced to
approximately 150 nA.

6. Experimental Results
6.1. Implementation and Packaging. The pH-to-digital converter was realized in a standard 0.16 𝜇m CMOS process.
Figure 5 shows a micrograph of the chip, which measures
0.35 mm × 3.9 mm. The bond pads and sensor’s membrane
with associated interface circuit are placed at two opposite
sides of the die. This will facilitate a type of system packaging
in which the bond-wires are isolated from the analyte when it
is in contact with the sensor’s dielectric. The dies were isolated
using the standard passivation stack of the employed CMOS
process. The passivation layer was locally opened on top of the
sensor electrodes, allowing Ta2 O5 to be deposited by CVD,
yielding a device that was stable at least for several days. The
sensor’s dielectric, laid out on the passivation layer besides the
electronic interface, measures 30 𝜇m × 30 𝜇m.
Two different types of packaging have been used for
characterization purposes:
(1) For initial characterization, dies have been packaged
in 40-pin ceramic dual in-line (DIL) packages with
a small plastic cubic container (measuring 0.5 cm3 )
glued on top of the die to hold the analyte, as shown
in Figure 6(a). To facilitate water-tight gluing of this
container, a piece of silicon larger than the chip was
diced out of the wafer.
(2) For further characterization, a packaging concept was
created that considers the requirements for use in
a “wet” environment. As shown in Figure 6(b), the
package is shaped in such a way that it can be easily
immersed into test buffer solution while moulding
compound protects all metallic tracks. For this packaging approach, dies were glued and wire bonded to
a custom-designed printed-circuit board (PCB), after
which the PCB and the die were encapsulated using an
open-cavity moulding process. For access of liquids
to the sensor area, open windows have been designed
in the package. A second window is also available
for integration of a reference electrode into the stick,
although the experiments reported in this paper still

rely on an external glass reference electrode. Experiments showed that this encapsulation is certainly
robust enough for several days in liquid contact.
As shown in Figure 6(c), the moulded stick is connected to a
small custom printed-circuit board (PCB), which contains an
ARM microcontroller, a battery, and several other auxiliary
components, including a connector for serial communication. It can autonomously log pH and temperature readings
and communicate the results via a wired serial connection
(RS-232 interface) to a PC or laptop.
6.2. Measurements. To evaluate the pH measurement performance with the first package, the plastic container was
filled with buffer solutions with pH values ranging from 3 to
10 in steps of approximately 1, all at room temperature. The
pH of these buffer solutions was measured using a calibrated
pH meter. The experiment was performed in a dark room to
minimize the effect of the sensor’s cross-sensitivity to light.
Since in this experiment the temperature was kept constant,
a two-point calibration was performed at pH levels 4 and
7. Using an external reference electrode, the chip reliably
digitizes the pH level (Figure 7). Relative to a least-squares
linear fit, the nonlinearity is equivalent to less than ±0.1 pH.
Note that for every pH step shown in this figure the data of 10
minutes of cleaning and refilling the plastic cubic container
have been removed.
The system’s digital output has a sensitivity of around
5%/pH relative to the full output scale which corresponds to
pH-sensitivity of Δ𝑉pH roughly equal to 55 mV/pH, which
is in good agreement with the theoretically expected value.
The sensor’s resolution was determined by calculating the
standard deviation of repeated measurements at a constant
pH level and temperature. In a conversion time of 20 ms, the
sensor provides a resolution of 0.05 pH.
The sensor draws a supply current of only 4 𝜇A from
a 1.8 V supply, dominated by the supply current of the
ADC, which, as mentioned, can be further reduced. This
corresponds to a power consumption of 7 𝜇W and an energy
per measurement of 140 nJ. The sensor will typically not
be operated continuously in a monitoring application. In
[4], for instance, a 5-minute measurement interval is used.
The average power consumed by the sensor, even with
some overhead included for data processing, is then readily
negligible compared to the standby power consumed by a
low-power microcontroller in a datalogger, which is typically
at the 𝜇W level [5]. This means that the charge of a small
printed or flexible battery (on the order of 10 mAh) will suffice
for >100 days of operation [5]. Note that in practice the useful
operation time will then be limited by the long-term stability
of the sensor.
To evaluate the temperature-sensing performance, one
prototype chip has been placed in a climate chamber along
with a calibrated Pt100 thermometer. Figure 8 shows the
temperature measured using the chip over the range of −5
to 45∘ C in steps of 5∘ C, along with the error of a linear fit of
the measured data. The result shows that, after a two-point
calibration, an error below ±0.1∘ C can be obtained, making the approach suitable for temperature cross-sensitivity
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cancellation. In principle, it should be possible to achieve
similar performance after a one-point calibration if further
dynamic error-correction techniques are applied in the frontend circuit, for instance, to address errors due to the inaccuracy of the emitter-area ratio of the bipolar transistors [18].
In this design, however, a two-temperature calibration is also

needed for the pH measurement and so does not come at
significant additional cost.
To evaluate the temperature cross-sensitivity compensation approach and the spread between different sensors,
three plastic-moulded packaged sensors were exposed to
three different commercial buffer solutions with pH levels
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Figure 8: Temperature measured using the smart pH-sensor chip, along with the measured error with respect to a Pt100 thermometer.
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Figure 9: Error in the digital pH reading of three sensors after offset compensation and before (a) and after (b) temperature compensation.

of 4, 7, and 10, each at three temperature points roughly
equal to 6∘ C, 16∘ C, and 25∘ C. Each sensor was individually
calibrated/characterized at three points: pH 4 at 25∘ C, pH 7
at 25∘ C, and pH 7 at 16∘ C. As shown in Figure 9, after offset
compensation and before temperature compensation, the
three sensors show pH errors up to 0.8 pH. After temperature
compensation using the approach described in Section 3, the

errors are significantly reduced. As to be expected, the error is
smallest for pH level 7, for which the temperature dependency
was calibrated. But also at the other pH levels, the error
is reduced to less than ±0.1 pH, confirming the validity of
the model for the sensor’s temperature cross-sensitivity given
by (1) and the effectiveness of the proposed compensation
approach.

8

7. Conclusion
The design, implementation, and experimental characterization of an EGFET-based smart pH sensor have been reported
in this paper. The EGFET is embedded in a low-power
differential source-follower circuit, followed by a first-order
incremental ΔΣ ADC. In order to cancel the sensor’s temperature cross-sensitivity, a temperature-sensing mechanism
has been devised by digitizing an on-chip PTAT voltage
with respect to a constant external voltage. Two different
types of packaging have been used in this work. The first
is a 40-pin ceramic DIL package with a small plastic cubic
container, with which at room temperature a nonlinearity
below ±0.1 in a pH range from 4 to 10 is achieved. The
second is a plastic-moulded package, for which three sensors
have been tested at three pH levels of 4, 7, and 10 and
at three temperature points of 6∘ C, 16∘ C, and 25∘ C. After
a three-point calibration and temperature compensation,
errors due to temperature cross-sensitivity are reduced to
less than ±0.1 pH. The sensor has a resolution of 0.05 pH
in a 20 ms measurement time. It consumes only 4 𝜇A from a
1.8 V supply, corresponding to a power consumption of only
7 𝜇W and an energy consumption of less than 140 nJ per pH
measurement. This level of power and energy consumption
demonstrates the feasibility of this sensor for use in RFID
sensor tags.
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