
0278-0046 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2017.2696508, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

 

Abstract— Extended research on the design and development 

of a smart nitrate sensor for monitoring nitrate concentration in 

surface and groundwater, are reported in this paper. The 

developed portable sensing system consists of a planar 

interdigital sensor, associated electronics, instrumentation and 

Electrochemical Impedance Spectroscopy (EIS) based analysis.  

The system is capable of measuring nitrate concentrations in the 

range of 0.01 to 0.5 mg/L in ground and surface water. This study 

extends our earlier work by including a temperature 

compensation capacity within the sensor. WiFi-based Internet of 

Things (IoT) has been included making it a connected sensing 

system. The system is capable of sending data directly to an IoT-

based web server, which will be useful to develop distributed 

monitoring systems in the future. The developed system has the 

potential to monitor the impact of industrial, agricultural or 

urban activity on water quality, in real-time.     

 
Index Terms— Agricultural industry, Electrochemical 

impedance spectroscopy, Interdigital sensor, IoT-enabled sensor 

node, Nitrate detection, Water quality. 

 

INTRODUCTION 

In an agricultural country like New Zealand, the 

concentration of nitrate in surface and groundwater is 

concerning and has been identified as a critical issue facing 

New Zealand’s future [1].  Dairy farming, disposal of human 

and animal sewage, urban runoff and industrial waste to land 

or into waterways have been identified as sources of nitrate 

[2]. Nitrate-nitrogen (NO3–N) is a fundamental element for the 

growth of all plants and animals, as it is a major component of 

the supply of protein. It is used in the agricultural sector to 

increase plant and livestock production. However, nitrate can 

become an issue if its concentration in surface water rises 

above a certain threshold, and this issue is commonly 

associated with agricultural areas [3, 4]. In New Zealand, 

cattle urination from dairy farming is the largest source of 

nitrate contamination [5]  as the highly concentrated nitrate 

deposits leach into groundwater, which ultimately increases 

the nitrate concentration of surface water. Elevated nitrate-N 
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concentrations in surface waters can stimulate the growth of 

unwanted algae and aquatic plants [6]. High nitrate-N 

concentrations change the pH of the water and lower oxygen 

concentrations, affecting aquatic life and degrading fish 

habitats [7]. Elevated nitrate concentrations in drinking water, 

can also lead to blue baby syndrome [8]. According to 

Environment Protection Agency (EPA), the acceptable level 

of nitrate-N in drinking water is 10 mg/L [9].   

 

The spectrophotometric method is commonly used to detect  

nitrate-nitrogen (NO3-N)  in water using specific chemical 

reagents [10, 11]. In other research, vanadium has been 

utilized for the reduction of nitrate ions by acidic Griess 

reaction [12]. Other detection methods include ion 

chromatography [13], palladium nanostructures [14], planar 

electrode sensors [15], ion selective electrodes [16], and 

optical fiber sensors [17, 18].  In situ detection of nitrate in 

soil moisture using impedance spectroscopy, have also been 

reported [19, 20].  

 

The regional councils around New Zealand monitor water 

samples from rivers, lakes and groundwater in a routine 

manner. The samples are collected by staff at a regular interval 

of time, usually on a monthly basis [21]. The concentrations of 

nitrate-N is measured by spectrophotometric method. 

Typically, nitrate-N concentrations change with increasing and 

decreasing stream or river flows. Therefore, a monthly 

sampling regime may not adequately represent the actual 

nitrate-N profile. This could influence the understanding of the 

seasonal effects on nitrate-N loss as well as total loads of 

nitrate-N estimated to be leaving a catchment. This 

information is critical for regional councils to implement 

policy and management accurately. Although high-frequency 

nitrate sensors are commercially available, these sensors cost 

in the order of $7,500-35,000 USD and are designed to 

measure nitrate concentrations of  > 1 mg/L, which is often 

not sensitive enough for New Zealand waterways. Therefore, 

there is a clear need for low-cost, low concentration, real-time, 

smart nitrate sensors and sensing systems, to measure nitrate 

concentrations in water.    

 

The objective of this research is to extend our earlier work 

to develop a low-cost, in-situ real-time monitoring system 

based on the planar interdigital sensor. The purpose is to 

achieve continuous assessment of nitrate-N in water to 
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improve our understanding and measurement of seasonal and 

annual losses of nitrate to waterways [21, 22]. The earlier 

work as reported in [21] provides experimental results of the 

prototype sensor, which are obtained under laboratory 

environmental condition. The earlier reported system provided 

good accuracy under a controlled environment. However, the 

ambient temperature under field conditions vary considerably. 

Therefore, the performance of the developed system suffered 

due to temperature fluctuations. Therefore, a compensation of 

the effect of temperature was required in the current system. 

The system can transfer measured data to a cloud server for 

further analysis, saving staff time in collecting samples. The 

availability of Internet of Things (IoT) allows the system to be 

developed as part of a distributed network. The main 

contributions of this paper are 1. the use of a temperature 

compensated interdigital capacitive sensor to measure nitrate 

at low concentrations and 2. the development of a low-cost 

(the estimated amount of the whole system’s cost is less than 

$100 USD) sensing system for continuous nitrate 

measurement which links to an IoT-based cloud server 

through an integrated WiFi connection. The experimental 

development, evaluation and validation of the systems 

performance are explained.   

SENSOR AND EXPERIMENTAL SETUP 

A. Operating Principle of the Interdigital Sensor 

Planar type interdigital sensors [23, 24] have been used for 

the detection of nitrate-N in water samples for this research. 

Planar interdigital sensors behave like parallel plate capacitors 

and the principle of detection is based on a change of electric 

field generated between two types of electrodes. A low 

amplitude alternating electrical voltage is applied across the 

sensor terminals. The generated electric field passes through 

material under test (MUT) so that the electric field will be 

affected. The magnitude and phase of the impedance of the 

sensor is measured. The real and imaginary components of the 

impedance are used to determine the properties of the material 

under test.  For measurement of nitrate contamination in 

water, a thin-film layer Parylene coated interdigital sensor has 

been used. Fig. 1 shows the fabricated sensor, one out of 36 

sensors in a 4-inch wafer. Since the sensor is exposed to air 

and dipped in water, the potential for oxidation is a real 

problem. Parylene coating on the sensing surface protects the 

sensor from oxidation due to moisture and Faradic currents. 

Different types of sensors have been fabricated and the current 

research is based on 1-5-50. The  1-5-50 configuration means 

a repeated pattern of five sensing electrodes (-ve electrode) for 

one excitation electrode (+ve electrode), with a distance of 50 

m between two consecutive electrodes [25]. The sensing area 

was fixed to 2.5 mm X 2.5 mm. Fig. 2 shows the Parylene 

coated sensor, which has been used in all experiments. 

B. Experimental Setup 

Temperature affects the mobility of ions in water [26], 

therefore, it is important to measure the changing behavior of 

the sensor at different temperatures. Fig. 3 shows the 

experimental setup involving a high precision Hioki 3522-50 

LCR meter, Hioki 4-terminal probe 9140, mercury 

thermometer, SCILOGEX MS 7-H550 Digital Hotplate and 

computer for data acquisition. The mercury thermometer was 

immersed in deionized water ( MilliQ® was obtained from 

MILLIPORE water system (USA)—18 MΩ cm ) to obtain a 

continuous temperature reading. Meanwhile, the sensing 

surface was also immersed in water and collected data when 

the temperature reached a steady value. The frequency was 

swapped from 1 Hz to  10000 Hz, to characterize the sensor 

under different temperatures.  

 

 
 

Fig. 3. Experimental arrangement for temperature measurement 

The experimental set-up to measure the concentration of 

nitrate in water is shown in Fig. 4. Ambient temperature and 

humidity conditions are maintained during experiments. The 

electronic circuits including the water pump and solenoidal 

valve are powered from a 12 V battery. The sensor needs an 

alternating voltage for its excitation. An Arduino Yun [27] has 

been used to generate a sinusoidal voltage waveform to 

 
 

Fig. 1. Fabricated wafer of thin film electrode sensor 

 
 

Fig. 2. Interdigital sensor with Parylene coating 
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provide excitation to the sensor. The sensor measured the 

temperature  

 

 
  

Fig. 4. Experimental arrangement for nitrate-N detection 

and the same sensor was used to measure the nitrate 

concentration. All necessary signal processing was done at the 

microcontroller. The sensing part of the sensor was dipped in 

the sample water for measurement. The nitrate ions are 

polarized towards the plates according to their charge [28]. 

Two water pumps were used for the experiment; one pump 

was used to pump the water sample for measurement every 15 

minutes and another one was used to discharge the sampled 

water, after one minute. The Arduino Yun communicates with 

the cloud server to send the final measured data. All the 

measurements are taken five times and results averaged . 

SENSING SYSTEM 

The whole sensing system consists of different circuits with 

each one performing required operations. The details of the 

sensor and the sensing system has previously been explained 

in [21].   

A. Equivalent Circuit of Interdigital Sensor 

The properties of the sample material are determined from 

the change of impedance of the interdigital sensor. To 

determine the impedance of the sensor, a resistance is 

connected in series with the sensor. The equivalent circuit of 

the sensor is shown in Fig. 5. The impedance is measured 

based on the following analysis: 

Vin: Input voltage applied across the sensor 

Vs: Voltage across the series resistance Rs 

Is: Current through the sensor 

Z: Total impedance of the sensor 

𝐼𝑠 =
V𝑖𝑛

Z
                                     (1) 

𝑉𝑠 = 𝐼𝑠  ×  𝑅𝑠 =
𝑉𝑖𝑛

Z
× R                                                   (2)  

Z =
𝑉𝑖𝑛 

𝐼𝑠
=

𝑉𝑖𝑛

𝑉𝑠
 ×  𝑅𝑠  (3)   

 

B. Working principle of the designed system 

Fig. 6 shows the block diagram of the designed system. In 

this system, the sinusoidal waveform was generated by using 

PWM (pulse width modulation) output combined with a 

bandpass filter (Fig. 7), which is based on the concept of the 

Direct Digital Synthesis (DDS) method. This method was 

implemented by breaking a waveform into discrete points 

digitally [29]. Two hundred and fifty-six (8 bits) points were 

used to produce a sinusoidal waveform that gave a 

compromise between resolution and frequency. The operating 

frequency was fixed at 122.5 Hz. 

 

The voltage across Rs is very low. To amplify the voltage as 

well as to reduce the noise, an amplifier (of gain 10) cum filter 

circuit in Fig. 8 has been used. The value of the series resistor 

is 10-kilo ohms, which is significantly small, compared to 

total impedance.  The details of the operation of the circuit 

shown in Fig. 8 has been explained in [21]. The voltage across 

the series resistor Rs, is alternating in nature. To rectify the 

amplified voltage, a precision rectifier, as shown in  

 
Fig. 6. Block diagram of the designed system 

Fig. 9, has been used. The operation has been explained in 

[21].  

 

In order to calculate the real and imaginary part of the 

impedance of the sensor, the phase difference between the 

input voltage, Vin and the current, Is is calculated. The 

calculation is done inside the microcontroller. The phase 

difference between Vin and Is is calculated by passing the 

signals Vin and Is through a zero-crossing detector as shown in 

Fig. 10. The two square waves are connected to external 

interrupts of the microcontroller and time difference is 

calculated internally. The time difference is then converted 

into the appropriate phase angle. After obtaining the phase 

difference (ϕ) between Vs and Is, the components of 

impedance are calculated as-             

R = Z × cos∅                      (4) 

 

X = Z × sin∅                                                          (5) 

  
 Fig. 5. Equivalent circuit diagram of interdigital sensor 
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R and X are the real part and imaginary part of the total 

impedance of the circuit, as shown in Fig. 6. The actual 

resistive component of the sensor is given by equ. 6 

 

𝑅𝑠𝑒𝑛𝑠𝑜𝑟 = R − Rs                       (6) 

 

Finally, the resistive component is used to calculate the 

temperature and eventually, calculating the nitrate 

concentration. 

C. Control of Pump and Valve 

Sample water to be tested for nitrate concentration was 

pumped in to and out of the sample container, to avoid the 

sensor being continuously dipped in water. This is achieved 

using a pump and valve as is shown in Fig. 11. The operation 

of the circuits has been explained in [21]. 

 

 

 

 

 

 
 

Fig. 7. Band- Pass Filter with PWM output 

 
 

Fig. 8. Amplification circuit after sensor’s output 

 

 
Fig. 9. Rectifier circuit 

 
Fig. 10. Zero-Crossing circuit detector  

 

 

  
 

Fig. 11. Control of water flow, pump and valve control 

D. IoT-based Smart System 

The IoT [30] offers promising solutions to transform the 

operation and role of existing industrial technologies. IoT is 

already having an impact in the areas of agriculture, food 

processing, environmental monitoring, security surveillance 

and others [31]. The proposed Arduino Yun has integrated 

WiFi which can provide instant connectivity to the Internet. 

WiFi offers high bandwidth, large coverage area, non-line-of-

sight transmission, easy expansion, cost-effectiveness, 

robustness and small distribution of Links [32]. An external 

antenna (2.4 GHz) is added to increase the transmission signal 

strength. The collected data is transmitted to Thingspeak [33] 

which is the open data platform for the IoT. HTTP POST [34] 

protocol has been used to send data directly to the specified 

server. Fig. 12 shows the final IoT-based smart sensing system 

with a smart sensor which has been used to measure nitrate 

and upload the data on the designated website. 

 

 
 

Fig. 12. IoT enabled Smart sensing system 
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RESULTS AND DISCUSSION 

A. Measurement of Temperature 

The same sensor was used to measure the temperature of 

water [35]. The real impedance (Rs) and imaginary impedance 

(X) were evaluated and plotted in Fig. 13. The X-axis shows 

the resistance part of impedance in ohms (Ω) and the Y-axis 

shows the reactance part of the impedance in ohms (Ω). The 

total impedance is decreased with the increase in temperature. 

The Nyquist plot (Fig. 13) indicates the impedance at a 

specific frequency. Fig. 14  shows the relationship between the 

real part of impedance and the frequency. It is seen from the 

figure that the resistance is decreased with increasing 

temperature, and the  sensitive range is significant till 400 Hz. 

 
 

Fig. 13. Nyquist plot of impedance at variable temperatures 

 

Fig. 15 shows the imaginary part of impedance (X) of 

deionized water to changing temperature, plotted against 

frequency. The dielectric properties of the deionized water at 

different temperatures was measured by using this approach. 

The experiment was repeated five times to observe impedance 

behavior and to calculate average results. 

Fig. 16 shows the measured resistance as a function of the 

ambient temperature, which is almost linear. The slope can be 

calculated by equation 7:    

 𝑆𝑙𝑜𝑝𝑒 =  
∆𝑅

∆𝑇
=  

𝑅40− 𝑅10

𝑇40− 𝑇10
                                                      (7) 

where, R40: The resistance value measured at 40°C, R10: The 

resistance value measured at 10°C, T40: The temperature at 

40°C, and T10: The temperatures at 10°C.  

 

 

 

Therefore, the slope for the resistance part is calculated as-

(42392.83 - 118037.76)/ (40-10) = -2521.498. It is to be noted 

that all the resistance of impedance measurements are taken at 

the same frequency (122.5 Hz). Therefore, the temperature can 

be measured by the following equation: 

         𝑇 ( °C) =  
𝑅𝑇− 𝑅20

𝑠𝑙𝑜𝑝𝑒
+ 𝑇20                                               (8) 

where, RT is the measured resistance value, R20 is the 

resistance value at 20°C (which is the reference value), and T20 

is the reference temperature at 20°C. Fig. 17 displays the 

correlation between the actual temperature and the calculated 

temperature. The calculated temperature is well correlated 

with the resistance (R2 = 0.99) part.   

B. Nitrate Measurement and Standard Equation 
Development  

The sensing system has been used to detect the 

concentration of nitrate in water. In the laboratory, samples 

of different concentrations of ammonium nitrate have been 

prepared by a serial dilution method with the concentration 

varying from 0.1 to 0.5 mg/L. The impedance of the sensor is 

measured using electrical impedance spectroscopy technique 

and the results are plotted in the Nyquist plot (Fig. 18), when 

the frequency is restricted to 100 KHz. Tthe impedance of the 

sensor reduces with increased nitrate concentration. Fig. 19 

and Fig. 20 show the real part and imaginary part of 

impedances as a function of operating frequencies, for 

different nitrate concentrations. 

 

 
Fig. 14.  Real part of impedance vs. frequency under variable temperature 

 
Fig. 15.  Imaginary part of impedance as a function of frequency 

 
Fig. 16. Resistance as a function of temperature at a frequency of 122.5 Hz 
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Fig. 19. Real part of impedance as a function of frequency 

Fig. 20. Imaginary part of Impedance as a function of frequency 

 
Fig. 17. Comparison between the actual temperature and the measured 

temperature 

 

 
Fig. 18. Nyquist plot for Ammonium Nitrate (NH4NO3) at different 

concentrations 

Real part of impedance shows a significant change in their 

value for different concentrations at low frequencies. The 

imaginary parts do not show a lot of change at low 

frequencies. Since ionic components play a significant role, 

the real part of impedance is used to determine the nitrate 

concentration. The following equation from [21] was derived 

from the standard curve: 

 

                                                               (9) 

where R is the real impedance of the sensor using water 

samples, R0.3 is the real part of the impedance at 0.3 mg/L and 

C0.3 represent the concentration of 0.3 mg/L, which is assumed 

as a reference. Substituting the value of R0.3 and C0.3 into 

equation (10), the concentration was calculated by: 

 

                                                (10) 

Since the sensor is very sensitive to temperature change, the 

relationship between the resistance (R) and the temperature 

(T) can be used as a correction factor for the changing rate of 

R on changing T. Therefore, using the correction factor, the 

Racutal is modified by equation 12: 

 

𝑅𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑅 +  𝛼 ×  (𝑇 − 𝑇20)                                                (11) 

 

where T20 is the temperature at 20°C. R is replaced with Ractual 

in equ. 11 to calculate the final computational formula of 

nitrate-N concentration. Therefore, the standard formula to 

calculate concentration with a correction factor for the 

Parylene coated sensor, can be represented by equation 13: 

 

C =
𝑅𝑎𝑐𝑡𝑢𝑎𝑙   −48056.78

−115543
+ 0.3                                                (12)   

 

This equation has been used to estimate the nitrate 

concentration in an unknown sample. 

C. Stream Water Testing 

The next experiment was conducted with stream water 

samples using the developed sensing system. The water was 

collected from different streams and was analysed for nitrate 

using the spectrophotometric method in the laboratory. The 

developed standard formula in equ. 12 has been used to 

calculate the concentration using the designed system. Table 1 

shows the results from the designed system and the laboratory 

spectrophotometric method. The spectrophotometric method  

 
Table 1. Comparison of nitrate concentrations measured by the sensor 

system and the spectrophotometric laboratory method 

Lab 

Number 
Description 

Spectrophotometric 

method (mg/L) 

Sensor 

system  

(mg/L) 

S202 Stream entering farm 0.50 0.53 

S204 
Stream entering 

wetland  
0.49 0.53 

S206 Stream paddock 9 0.47 0.51 
S207 Stream paddock 10 0.47 0.52 

S209 Stream exiting farm 0.50 0.55 

was taken as the standard laboratory measurement. The stream 

water samples not only contain nitrate, but also contain 
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phosphates, ammonium, and other mineral salts. This explains 

the differences between these results. Despite this, the 

maximum error is less than 10% and is low, the reasons being 

(i) the calibration of sensor was done based on nitrate 

measurement and (ii) the influence of other ions is not strong 

with respect to the nitrate ions. 

D. Sending Data to IoT-based Cloud Server 

In the fourth experiment, the interval time of pump in and 

pump out of the sample water was 10 minutes and initially 

deionized water was pumped out and then 0.5 mg/L 

Ammonium Nitrate (NH4NO3) solution was pumped out for the 

rest of the period. The microcontroller collects the data and 

sends the final measured data to the Thingspeak server.  Fig. 21 

shows the real-time data which has been sent from the 

developed smart sensing system.  

 

Fig. 21. Final data to the cloud server 

E. Comparison of Impedance Measurement by LCR 
and the Developed System 

The fifth experiment was to compare the impedance 

measurement using the LCR meter and the developed system. 

Different known concentrations of Ammonium Nitrate 

(NH4NO3) between 0.01 and 0.5 mg/L were measured by the 

developed system and the LCR meter. Fig. 22 illustrates the 

test results (NH4NO3) from the designed system and LCR 

meter. When the concentration is increased in the sample, the 

real part of the impedance decreased accordingly. The 

corresponding impedance calculation was done inside the 

microcontroller, and the results of the impedance calculation 

from the system were very close to the impedance measured 

by the LCR meter. The designed system showed an excellent 

linear relation with R2 = 0.99 which is very similar to the 

LCR impedance measurement. 

 

Fig. 23 shows the comparison of the phase angle between 

the LCR and the sensor system measurement. During the 

impedance measurement, the phase angle of the different 

concentrations was measured. It should be noted that the 

system’s measured phase angles are similar to the LCR 

measurement and the range of change of phase angle of the 

 
Fig. 22. Comparison of real part of impedance: by LCR and developed system 

sensor system, is also similar to that of LCR measurement. 

The LCR meter has been used to measure the impedance of 

the Interdigital sensor for different applications. So it is 

important to compare both results to evaluate the system’s 

performance. The system is capable of running the sensor and 

recording the data continuously.  

 
Fig. 23. Comparison of phase angle by LCR and developed system 

F. Iimprovement of Temperature compensation 

The last experiment was done to demonstrate the usefulness of 

the temperature compensation in the developed system. The 

temperature of the sample water was maintained at 30°C. The 

concentration of nitrate was measured by the developed 

sensing system and laboratory spectrophotometric method. 

Table 2 compares  nitrate concentrations measured before and 

after temperature compensation and calculated using equations 

11 and 13,respectively. The error rate was higher (more than 

20%) when the temperature change was not compensated in 

the developed system (Table 3). 

 
Table 2.  Comparison of nitrate measurement before and after the temperature 

compensation. 

Sample 

Number 

Sensor System Spectrophotometric 

method (mg/L) Before 

Compensation 

(mg/L) 

After 

Compensation 

(mg/L) 

1 0.61 0.53 0.50 

2 0.59 0.51 0.49 

3 0.61 0.50 0.48 
4 0.41 0.35 0.33 

5 0.43 0.30 0.32 
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CONCLUSION 

Further to our earlier work [21], a temperature compensated 

interdigital capacitive sensor has been developed in the current 

study to measure nitrate at low concentrations. A portable, 

novel sensing system has been developed that could be used 

on-site as a stand-alone device, as well as IoT-based remote 

monitoring smart sensor node, to measure nitrate 

concentration in surface and ground water. Electrochemical 

Impedance Spectroscopy was employed to detect and display 

nitrate concentrations, by evaluating the impedance change 

read by the interdigital transducer immersed in the surface 

water samples. The test samples were evaluated by 

commercial equipment (LCR meter) and the designed system. 

These results were also validated using standard laboratory 

techniques to assess nitrate concentrations in water samples. 

The designed system showed a good linear relationship 

between the measured nitrate concentrations (ranged from 

0.01 to 0.5 mg/L) to those measured by the commercial 

equipment in the collected water samples. However, the 

current system has the potential to be used to estimate nitrate 

concentrations in water samples, in real-time. The system can 

upload the measured nitrate data on a website based on IoT. 

This system could be used to integrate water quality 

monitoring sites within farms, or between streams, rivers, and 

lakes. For the in-situ installation, a robust box containing the 

whole system would need to be installed at the monitoring 

site.  
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