International Journal of Advances in Applied Sciences (IJAAS)
Vol. 13, No. 4, December 2024, pp. 781~790
ISSN: 2252-8814, DOI: 10.11591/ijaas.v13.i4.pp781-790 a 781

Potentiometric field-effect transistor pH sensing in a low-power

wide-area network

Akmal Mustaffa Zulhakim?, Wan Fazlida Hanim Abdullah!, Ahmad Zaki Abu Bakar?,

Robaiah Mamat?, Ili Shairah Abdul Halim?, Muhammad Izzat Alif Muslan?, Sukreen Hana Herman*
!Integrated Sensors Research Group, School of Electrical Engineering, College of Engineering, Universiti Teknologi MARA,

Shah Alam, Malaysia

2Mimos Berhad, Technology Park Malaysia, Kuala Lumpur, Malaysia

Article Info

ABSTRACT

Article history:

Received Feb 7, 2024
Revised May 24, 2024
Accepted Jun 19, 2024

Keywords:

Extended gate field effect
transistor

Internet of things

Long-range wide area network
Potentiometric sensing

Sensor interfaces

This research paper explores the application of extended-gate field-effect
transistors (EGFET) as a potentiometric sensing method for pH detection
within an internet of things (loT) system. The pH EGFET sensor is
integrated with a long-range (LoRa) microcontroller, enabling data
transmission via a low-power, long-range wide-area network (LoRaWAN)
10T framework to a dedicated IoT application server. The framework utilizes
a message queuing telemetry transport (MQTT) broker, employing a
publish/subscribe message architecture for efficient data transmission. The
study focuses on addressing the problem of determining whether EGFET
technology can provide precise and dependable measurements in various
settings. To achieve this, the data from the loT framework is compared with
data signals from a semiconductor parametric analyzer and a readout
interfacing circuit serial data acquisition (DAQ). From the study, EGFET
sensors provide a sensitivity of 61.1 mV/pH with a linearity of 0.9968
through the 10T method. Meanwhile, non-loT methods vyield slightly
different sensitivities of 53.1 and 50.5 mV/pH with comparable linearity of
0.9984 and 0.9979. Overall, the research demonstrates the versatility of
EGFET technology, highlighting its effective use in various sensing
instruments, while ensuring reliable data transfer through the LoRaWAN
framework.
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1. INTRODUCTION

Sensors are devices that produce a voltage in response to what they measure [1]. Among various
sensor types, potentiometric sensors stand out for their ability to detect ions [2]. An extended-gate field-effect
transistor (EGFET) is an example of a potentiometric sensor where the gate terminal is externally connected
and independent of the transistor [3]. Unlike conventional field-effect transistors (FETSs), the EGFET
physically separates the sensing membrane (where ions are captured) from the gate area. The sensing
membrane generates a surface potential that modulates the channel current between the drain and source
terminals of the metal-oxide-semiconductor field-effect transistor (MOSFET).

EGFET sensors face challenges related to the development of suitable sensing layers and the design of
readout circuitry [4]. These sensors employ a dip and measure technique, where changes in threshold voltage
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correspond to ion activity when the sensing layer interacts with the target analyte [5]. In this study, the EGFET
sensor was used to measure and analyze pH values by detecting hydrogen ions in a solution. The end goal is to
adapt this EGFET pH sensor for soil pH detection in large agricultural areas. Therefore, the EGFET sensor was
integrated with the internet of things (IoT) system to allow scalability [6]. While Wi-Fi is commonly used for
10T connectivity, this study explores the potential of long-range wide-area network (LoRaWAN) technology as
it offers advantages such as lower power consumption and wider coverage [7], [8].

The LoRaWAN loT framework has two main parts: the LoRaWAN architecture and the application
server. The architecture includes end devices, a gateway, and a network server [9]-[11]. These end devices
transmit data messages to the gateway via LoRa radio frequency (RF) modulation, connecting to the things
network (TTN) server using an authenticated application programming interface (API) key. The TTN server
also processes and validates information from the end devices [12].

The loT architecture is built around core system applications [13], including the InfluxDB database,
Node-RED automation platform, Mosquitto communication protocols, and the Grafana dashboard. Data from
the TTN server is collected using the lightweight message queuing telemetry transport (MQTT) protocol
[14], [15], which employs a Pub/Sub architecture. Node-RED simplifies system development with color-
coded building blocks [16] and passes the data to InfluxDB, which is known for its superior performance in
handling time series data [17], [18]. The data will then be sent to Grafana, which offers interactive
visualization and additional features for event tracking [19].

The study builds upon existing research, incorporating the sensing membrane recipe by
Zulkefle et al. [20] and the EGFET readout interfacing circuitry designed by Guliga et al. [21]. The current
EGFET pH soil sensors do not come with any connectivity chip or any connectivity module to communicate
with LoRaWAN and the loT system. Therefore, the study aims to prepare an EGFET pH sensor with
LoRaWAN connectivity for soil sensing, ensuring data storage and visualization within the LoORaWAN loT
framework. The experiments in this study are conducted to demonstrate the consistent performance of the
EGFET sensor in terms of sensitivity and linearity, as well as its effective integration with LoRaWAN. The
following methodology sections will cover the experimental setup, LoRaWAN server configuration, and
proposed cloud applications for 10T integration.

2. RESEARCH METHOD

To prepare for sensor validation, the EGFET sensor was tested with a commercial pH buffer
solution from Supelco Inc., and RE-1B (Ag/AgCl) from ALS Co., Ltd which acts as the reference electrode.
The buffer solution had concentrations of 2, 4, 7, 10, and 12. Three measurement instruments are used to
collect sensor data: a data acquisition (DAQ) instrument from Texas Instruments, the B1500A semiconductor
device parameter analyzer (B1500) from key sight technologies, and a LoRa TTGO microcontroller
connected to the loT server. The following subsections will explain the measurement setup for all
measurement instruments and the 10T server setup.

2.1. The measurement method setup

To detect the pH ions activity, the sensing layer of an EGFET will be dipped inside the pH buffer,
along with a grounded reference electrode which serves as a stable reference point to the gate of the
MOSFET as shown in Figure 1. This way, any changes in the behavior of the MOSFET’s gate are only due
to the influence of the analyte on the sensing layer. For measurement with DAQ, EGFET was paired with the
interfacing circuitry connected to the NI DAQ module. The final output voltage was determined as an
average of voltages over time using NI DAQEXxpress software connected via a USB cable. This measurement
method requires pairing the sensing layer with a MOSFET in a constant voltage constant current (CVCC)
circuitry biasing [22], sharing the same ground as the reference electrode.

Meanwhile, for the B1500 instrument, the source-measure unit (SMU) 1 of the B1500 was linked to
the reference electrode, SMU 2 to the MOSFET’s drain terminal, and SMU 3 to the source terminal as shown
in Figure 2. The MOSFET’s gate terminal was connected to the sensing layer where the gate voltage (Vy)
was swept from 0 to 3 V, creating a transfer curve of gate voltage against drain current (Id) at a constant
drain voltage (\Vd) of 100 mV. The output voltage was measured at the isothermal point, where the drain-
source current (Ids) remained constant across various temperature differences [23].

The last measurement method with LoRaWAN was also paired with the interfacing circuitry, but
this time, the output was connected to the analog-to-digital converter (ADC) input pin of the TTGO LoRa32
microcontroller module as shown in Figure 3. This module features a built-in antenna for detecting LoRa
modulation therefore the resulting output voltage readings are transmitted by the LoRa transmitter to the
application server via the LoRaWAN gateway. The microcontroller measures analog inputs at a lower
sampling rate compared to DAQ specifically 5 samples per second due to code limitations. Each
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measurement for different pH buffer concentrations is repeated 3 times, with a 30-second delay between each
measurement. The output voltage is saved in a comma-separated value (CSV) file and plotted in Microsoft
Excel software.
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Figure 3. Obtaining averaged data over time with a microcontroller via LoRaWAN

2.2. The LoRaWAN internet of things framework

Figure 4 illustrates the two primary components of the LoRaWAN IoT framework: the LoRaWAN
architecture (comprising end nodes, a gateway, and TTN) and the application server (which includes the
Node-RED application, InfluxDB database, and Grafana dashboard). This subsection provides details on
configuring the LoRaWAN gateway, TTN server, and the application server.
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In the Dragino DLOS8 gateway configuration page of Figure 5, the LoRa configuration, LoRaWAN
configuration (loT service), and Wi-Fi access point are configured. Table 1 provides a concise summary of
the required changes and the reasons for tailoring the gateway configurations to be used in Malaysia. Both
the LoRa microcontroller and the gateway must be added to TTN by registering their end-device identifier.
Figure 6 highlights the TTN application interface along with a sample of payload data from the end nodes in
JavaScript object notation (JSON) format. The measurement data are organized under the decoded payload
messages and all this data is forwarded to the application server.
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Figure 5. DLOS8 Dragino gateway configuration page

Table 1. Summary for changes in Dragino DLOS8 gateway configuration

Parent-category Sub-category Value Remarks
LoRa configuration Frequency plan Asia 920 to 923 MHz Frequency of LoRaWAN in Malaysia
10T service Server’s address aul.cloud. the things.network ~ TTN server for the region
Uplink port 1700 To match TTN settings
Downlink port 1700 To match TTN settings
Wi-Fi access Follows the SSID of the Located at the back of the box upon
— . point gateway purchasing the gateway
Wi-Fi access point Wi-Fi WAN Follows the Wi-Fi Referring to the router with Internet
client credentials and password connection
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Figure 6. TTN network server application interface

The application server is a cloud server subscribed with Digital Ocean hosted on an Ubuntu version
22.10 operating system equipped with a regular Intel CPU and 25 GB SSD. In Figure 7, the MQTT node in
Node-RED receives data from TTN, then filters the required information and formats the data according to
the database requirements. This output data saved in InfluxDB is automatically formatted in tables based on
elapsed time as shown in Figure 8. Finally, Grafana will retrieve data from the database and present it in
charts and line graphs. To integrate the database with Grafana, add it as a data source in the data source tab

within Grafana’s settings.
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3. RESULTS AND DISCUSSION

This chapter presents the results of the study and discusses their implications. This study looks into
the sensor behavior with 10T, which the previous studies didn’t. Output reading from measurement
instruments is shown in Figure 9. Characterizing TiO2 samples using the B1500 analyzer yields the left
graph of drain current against gate voltage in Figure 9(a). The sensing layer used in each method differs from
each other, but it was fabricated within the same batch. As Vy increases above the threshold voltage (V) of
the MOSFET around 0.7 V, the device begins to conduct more current, resulting in an increase in the slope of
the Iy vs. Vg curve. The final output voltage is taken at the isothermal point where the current is 100 uA.
Next, Figure 9(b) displays the sensor reading in NI DAQExpress software. The yellow line represents the
collected input data over time, and the ‘Input 0’ that reads an initial voltage of 351 mV or 0.351 V
corresponds to the connected DAQ input port to the sensing layer. Lastly, Figure 9(c) shows the graph of
sensor data at the Grafana dashboard. These graphs serve as evidence that data are stored in the database, and
Node-RED successfully parses data from TTN to InfluxDB.

Table 2 provides a comprehensive summary of results across all measurement methods, focusing on
average voltage values, sample sensitivity, and linearity. Meanwhile, the graph in Figure 10 visually
represents the data plotted in Table 2. The slope of the graph or the gradient of the linear equation represents
the sensitivity of the sensor, while the regression factor (R?) indicates the linearity of the relationship [24].
According to the figure, the pH sensitivity of the sample in B1500 is found to be 53 mV/pH, with a linearity
of 0.9984. This value aligns with the Nernstian behavior of 59 mV/pH [25] which implies that the sensor
responds predictably and consistently across a wide pH range. Meanwhile, for the pH sensor in DAQ, an
increase in pH value corresponds to a decrease in the averaged output voltage reading. The graph exhibits a
negative slope, which diverges from the trend observed using the B1500 instrument with a slightly lower
sensitivity of 50.5 mV/pH, but a constant linearity of 0.9979. The difference arises due to variations in how
the instruments are designed internally. The B1500 instrument is a parametric analyzer that is swept behavior
while the interfacing circuitry is point biasing therefore their behavior to response to changes in pH is
different.

Lastly, in the LoRaWAN IoT framework, the pH sensitivity of the sample was determined to be
61.1 mV/pH, with a consistent linearity of 0.9968. The LoRaWAN sample appears slightly more sensitive,
possibly due to unforeseen disturbances during the sensing layer deposition process in sample preparation.
Regardless, the decreasing voltage trend remains consistent with NI DAQ. When examining each row of the
pH values, it becomes evident that the voltages may not be identical. However, the crucial observation lies in
the consistent trend of an incremental increase or decrease of approximately 0.05V/pH value. When the
voltage adheres to this trend, the sensitivity and linearity align with what is observed using the B1500 and
DAQ instruments.
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Figure 9. Output reading from measurement instruments (a) B1500 analyzer, (b) NI DAQExpress software,
and (c) Grafana dashboard

Table 2. Results summary for all measurement methods

Topic pH value B1500 DAQ LoRaWAN
Average voltage values 2 1.1143 1.1103 1.1147
4 1.0247 1.0130 1.0167
7 0.8413 0.8517 0.8445
10 0.6297 0.6500 0.6411
12 0.4980 0.5150 0.5091

Sensitivity Not applicable 53.1 mV/pH 50.5 mV/pH 61.1 mV/pH
Linearity Not applicable 0.9984 0.9979 0.9968
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4. CONCLUSION

In conclusion, the main findings indicate that the pH EGFET sensor consistently maintains
sensitivity and linearity across various measurement instruments. The successful 10T server setup allowed pH
EGFET sensor data to be transmitted to the TTN server, filtered through Node-Red, stored in InfluxDB, and
displayed via Grafana. Integrating the EGFET with LoRaWAN IoT at a low sampling rate does not result in
data loss. However, the sensor’s sensitivity deviated slightly from the expected Nernstian behavior
(61.1 mV/pH), possibly due to unforeseen disturbances during fabrication or insufficient data averaging at
the IoT server’s output. The consistent behavior of pH EGFET suggests that other EGFET sensors may
exhibit similar characteristics, expanding their potential use as IoT sensors in various industries.
Additionally, the successful LoRaWAN integration opens possibilities for further testing, such as longer
distances or environments with more signal interference. To enhance the research, future work could focus
on improving the microcontroller code to send more data to LoRaWAN 10T or implementing averaging
techniques for improved accuracy. Additionally, exploring aspects like the actual power consumption,
crosstalk between devices, and effective communication distance for LoORaWAN would also be beneficial.
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