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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfillment of 

the requirement for the degree of Master of Science 

OPEN-ENDED COAXIAL SENSOR FOR DETERMINATION OF MOISTURE 

CONTENT, SOLUBLE SOLID CONTENT, pH AND DIELECTRIC 

PROPERTIES OF Chok Anan MANGO 

By 

NORADIRA BINTI SUHAIME 

May 2018 

Chairman: Associate Professor Zulkifly Abbas, PhD 

Faculty: Science 

The thesis presents the application of open-ended sub-miniature panel (SMA-P) 

coaxial sensor to determine moisture content, soluble solid content, pH and dielectric 

properties of Chok Anan mango during ripening from week 5 to week 17 based on 

reflection coefficient (|S11|) measurement in the frequency range between 1.0 GHz to 

4.0 GHz. Measurements were conducted using Keysight FieldFox N9912A Network 

Analyzer. The mass (M), width (W), length (L), moisture content (m.c.), soluble solid 

content (SSC) and pH of Chok Anan mango were also measured. All the measured 

parameters were found to increase non-linearly from week 5 to week 17. This work 

focus on the internal properties of mango (m.c., pH and SSC) since the external 

properties (M, W, and L) may not truly represent its internal quality. The SSC and pH 

methods are only suitable for measurement at later stage of fruit ripeness, i.e. after 

week 16, which is too late to determine the ripening stage of mango fruits. In contrast, 

m.c. profiles was distinctively clear to distinguish all the stages of fruit ripeness for the 

whole 17 weeks of fruit development. Besides that, SSC and pH methods are laborious, 

difficult, time consuming and destructive whilst the m.c. can be determine fast, 

accurate and non-destructive using SMA-P coaxial sensor from calibration equations 

relating to the m.c. to the measured |S11|. The permittivity measurement for the 

different percentage of m.c. in mango is carried out using the Keysight 85070E 

dielectric probe kit, later the permittivity values obtained used as an input to calculate 

the |S11| using Finite Element Method (FEM). FEM was used to determine the accuracy 

of permittivity measurement by comparing the calculated values of |S11| using FEM 

with measurement results. Very closed agreements were obtained between measured 

and calculated |S11| where the mean errors were within 1.5% for all percentage of m.c.. 

Calibration equations were established to predict the m.c., dielectric constant (ε’) and 

loss factor (ε’’) from the measured |S11|, where the accuracies for the m.c. and ε’ were 

highest at 1.0 GHz within 1.5% and 1.6%, respectively, whilst ε’’ was 3.4% at 4.0 

GHz. Also, calibration equation has been established to predict pH and SSC values 
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from m.c. obtained from |S11| measurements. The accuracy of pH and SSC were within 

3.0% and 5.2%, respectively when compared to standard techniques. The m.c. is the 

best parameter used to identify the quality of mango since it produced high accuracy 

based on |S11| measurements using SMA-P coaxial sensor. In conclusion, SMA-P 

coaxial sensor provides a simple, speedy, non-destructive, flexible and inexpensive 

approach for the determination of m.c., SSC, pH and permittivity in mango. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Master Sains 

 

 

PENGESAN SEPAKSI HUJUNG TERBUKA UNTUK MENENTUKAN 

KANDUNGAN LEMBAPAN, KANDUNGAN PEPEJAL LARUT, pH DAN 

CIRI-CIRI DIELEKTRIK MANGGA Chok Anan 

 

 

Oleh 

 

 

NORADIRA BINTI SUHAIME 

 

 

Mei 2018 

 

 

Pengerusi: Professor Madya Zulkifly Abbas, PhD 

 

Fakulti: Sains 

 

 

Tesis ini membentangkan penggunaan pengesan sepaksi hujung terbuka sub-mini panel 

(SMA-P) untuk menentukan kandungan kelembapan, kandungan pepejal larut, pH dan 

ciri-ciri dielektrik mangga Chok Anan sepanjang kematangan dari minggu 5 hingga 

minggu 17 berdasarkan pengukuran pekali pantulan (|S11|) dalam julat frekuensi antara 

1.0 GHz hingga 4.0 GHz. Pengukuran telah dijalankan menggunakan Rangkaian 

Penganalisis Keysight FieldFox N9912A. Jisim (M), lebar (W), panjang (L), kandungan 

lembapan (m.c.), kandungan pepejal larut (SSC) dan pH mangga Chok Anan juga 

diukur. Semua parameter yang diukur didapati meningkat secara tidak linear dari 

minggu 5 ke minggu ke-17. Kajian ini memberi tumpuan kepada sifat dalaman mangga 

(m.c., pH dan SSC) kerana sifat luaran (M, W, dan L) mungkin tidak benar-benar 

mewakili kualiti dalamannya. Kaedah SSC dan pH hanya sesuai untuk pengukuran pada 

peringkat akhir kematangan buah iaitu selepas minggu ke-16 yang sudah terlambat 

untuk menentukan tahap masak buah mangga. Sebaliknya, m.c. profilnya adalah jelas 

untuk membezakan semua peringkat kematangan buah untuk keseluruhan 17 minggu 

perkembangan buah. Selain itu, kaedah SSC dan pH adalah sukar, memakan masa dan 

merosakkan sementara m.c. boleh menentukan cepat, tepat dan tidak merosakkan 

menggunakan sensor sepaksi SMA-P dari persamaan kalibrasi yang berkaitan m.c. 

dengan pengukuran | S11 |. Pengukuran ketelusan peratusan m.c. mangga yang berlainan 

dilakukan dengan menggunakan kit pengesan dielektrik Keysight 85070E, kemudian 

nilai pengukuran ketelusan yang diperolehi digunakan untuk pengiraan |S11| 

menggunakan Finite Element Method (FEM) atau Kaedah Unsur Terhingga. FEM 

digunakan untuk menentukan ketepatan pengukuran ketelusan dengan membandingkan 

nilai pekali pantulan yang dikira menggunakan FEM dengan hasil pengukuran. 

Hubungan yang sangat baik diperoleh di antara pekali pantulan yang diukur dan yang 

dikira dengan ralat relatif min adalah 1.5% untuk semua peratusan m.c. mangga. 

Persamaan penentukuran diwujudkan untuk meramalkan m.c., pemalar dielektrik (ε’) 

dan faktor kerugian (ε’’) daripada | S11 | yang diukur, di mana ketepatan untuk m.c. dan 
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ε’ adalah tertinggi pada 1.0 GHz pada 1.5% dan 1.6%, manakala ε’’ ialah 3.4% pada 4.0 

GHz. Selain itu, persamaan penentukuran telah diwujudkan untuk meramalkan nilai pH 

dan SSC dari nilai m.c. yang diperolehi dari pengukuran |S11|. Ketepatan nilai pH dan 

SSC masing-masing adalah 3.0% dan 5.2%, berbanding dengan teknik standard. M.c. 

adalah parameter terbaik yang digunakan untuk mengenal pasti kualiti mangga kerana 

ia memberikan ketepatan yang tinggi berdasarkan pengukuran |S11| menggunakan 

pengesan sepaksi hujung terbuka SMA-P. Kesimpulannya, pengesan sepaksi hujung 

terbuka SMA-P adalah suatu pendekatan yang mudah, cepat, tidak merosakkan, 

fleksibel dan murah untuk menentukan m.c., SSC, pH dan ketelusan dalam mangga. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

Agriculture remains as an important contributing sector to the Malaysian economy. In 

2011, it provided employment opportunity for 13% of the population and contributed 

10.5% to the national Gross Domestic Product (GDP). Within the agricultural sector, 

fruit industry has been identified as one of the rising stars with low commodity price 

and never-ending enthusiasm to broaden the agricultural base. The importance of the 

fruit industry to the national economy can be seen from its estimated high exportation 

value of nearly RM 4255.952 Mil in 2017 (DOA, 2017). 

 

 

Malaysia is a tropical land that is blessed with abundant supply of various kind of 

tropical fruits such as pineapples, durians, watermelons, starfruits, bananas, papayas 

and mangoes. Its’ tropical climate is perfect for the cultivation of various exotic fruits, 

especially in the Peninsular Malaysia since it rarely experiences hurricanes or 

droughts, thus increase the capability to boost tropical fruit exports. However, this 

depends on the fruits quality as well. Fruits quality is becoming increasingly important 

in the agriculture industry due to the competition among manufacturers and the 

growing expectation from the consumers. 

 

 

Ever since fruits quality proves to be a real challenge in the expansion of the tropical 

fruits products, countless serious efforts have been taken to ensure the tropical fruits 

industry remains competitive. The quality of fruits varies depending on two factors 

which are environmental and humans, which play significant role mainly during the 

ripening, harvesting, storage, processing, packaging and transportation process. 

National Agro-Food Policy (2011-2020) and Third National Agricultural Policy 

(NAP3) (1998-2010) have listed 15 fruits that are considered as important 

commodities. One of them is mango, a local fruit that is to be cultivated by growers 

based on the demand and the requirements of marketing potential (Azlina et al., 2014).  

 

 

Recently, there is a high demand for a specialized sensor to be developed for speedy 

and accurate assessment of fruit quality. Thus, the information regarding the 

relationship between fruits properties and its physical parameters that can be measured 

by a specialized sensor is deemed essential (Jha et al., 2011). In relation to that, the 

agricultural sector is highly interested in the application of microwave instrument. The 

application of the instrument is important since it can determine the ideal time for 

harvesting, perform rapid measurement of quality of certain products, and determine 

the condition of various points in processing and storage operations. 
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1.1 Mango, An Overview  
 

 

Mango (Mangiferaindica L.) is one of the most popular tropical fruits and it belongs 

to the Anacardiaceae family with 60 genera (Abidin, 1991). Originally hailed from 

India, it widely spread to Malaya, eastern Africa and eastern Asia. Mango ranks second 

after banana in the tropical fruit production and land area usage (FAO, 2008) 

 

 

Globally, over one hundred varieties are planted (Bally et al., 2009). In Malaysia, the 

most popular mango varieties planted are ‘Harumanis’, ‘Chok Anan’, ‘Masmuda’ and 

‘MAHA’. Generally, the composition of mango consists of approximately 81% 

moisture, 0.4% fat, 0.6% proteins, 0.8% fibre and 17% carbohydrate. However, this 

composition pattern can be divided into three stages, which vary between cultivators, 

climatic and cultural factors (Quintana et al., 1984). Among the tropical fruits in 

Malaysia, mango is one of the most popular fruits. Besides its pungent and flavourful 

good taste, it also contains a lot of important minerals, highly nutritious and offers 

plenty of variety. Depending on the purpose, mango can be used either in its raw or 

ripe form. Generally, various traditional products can be prepared from raw mango 

such as raw mango slices soaked in brine, amchur (Indian spice powder), pickles and 

many more. As for ripe mango, besides the regular consumption, it is also used in the 

medical industry as digestive agent as it contains fattening, diuretic and laxative 

properties. Apart from the fruit itself, mango tree proves to be quite useful as well; the 

tree trunk can be processed into wood while mango kernel can be used in the 

saponification process since it has good quality fat.  

 

 

1.1.1 Mango Fruits Botanical and Morphology Description 

 

 

Mango trees are large, deeply rooted with branches that provide rounded canopy of 

leaves and can grow at a great height. Usually, the unripe mango skin is green or red 

while the ripe mango skin could be green, greenish-yellow, yellow, red or orange. The 

different variety of the fruit offers different physical characteristics such as shape, size, 

and colour, besides internal characteristics. Mango is a fleshy drupe with smooth and 

leathery skin (exocarp), fibrous pulp (mesocarp) and stone (endocarp) containing 

single seed as illustrated in Figure 1.1. 

 

Figure 1.1: Morphology of Mango 

(Source: IANS, 2014) 
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Chok Anan mango is the most preferred type as it is extensively and aggressively 

commercialized in the global market because of its’ sweet taste, juicy and appealing 

external appearance - oval shape, tapered tip and yellow skin when ripe as shown in 

Figure 1.2. Because of these attributes, Chok Anan mango is highly favoured among 

the local consumers.  

 

 

Figure 1.2: Chok Anan Mango  

 

 

The range of days required for mango to mature after flowering is from 100 to 150 

days. The fruit will have excellent flavour if ripen naturally on tree compared to the 

ones ripen using storage method (Knight, 1997). However, the natural ripening process 

faces critical challenges such as pest threats, fruit abnormalities and etc. Therefore, 

this work offers an alternative to overcome these problems by using microwave 

method to determine the quality of mangoes that are ripening naturally on trees.  

 

 

1.2 Quality Assessment of Mango 

 

 

Usually, quality is closely related to mango ripening stage. There are no specific rules 

on so called suitable time to harvest mango.  However, there are some common rules 

that can be applied in harvesting the fruit. Generally, the harvesting time for mango is 

about 12 to 16 weeks after the anthesis. According to Luther et al. (2004), the ripening 

stage of mango is strongly related to the moisture content (m.c.) inside mango. This is 

proven based on the composition of mango as described in Section 1.1 where it has 

very high m.c.. Besides that, the water loss will occur for the overripe mango (Yahia, 

2011). Therefore, the determination of m.c. is essential as it determines the ripening 

stage as well as the quality of mango. Generally speaking, there are various methods 

that can be used to determine m.c. in fruits, but the most accurate, fast and non-

destructive method is vital. The technique to determine the m.c. in fruits will be 

discussed in Chapter 2.  
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1.3 Microwave Techniques 

 

 

Microwave techniques have been used successfully for quality and condition 

assessment in agricultural and concrete structures since 1950s (Kraszewski, 1980; Al-

Qadi et al., 1991). The use of the techniques on  materials have become essential since 

the interest in  the development of modern instrument, sensors and probes, methods 

and calibration techniques to detect material abnormalities using microwaves has 

increased (Zoughi, 1990). In the microwave region, the frequency range is from 0.3 

GHz to 300 GHz and the wavelength is between 10-1 m and 10-3m. (Liao, 1988). 

Microwave non-destructive technique is suitable for the use on fruits due to its 

advantages compared to other non-destructive evaluation (NDE) methods such as 

thermographic, radiographic and magnetic particle in terms of being inexpensive, 

contactless features (antenna), wide area scanning and high penetration depth.  

 

 

The microwave parameters that are generally measured are reflection coefficients, 

transmission coefficients, dielectric constants, loss factors, and complex permeability 

in terms of frequency in microwave region and temperature. All of these measurement 

parameters are closely related to material properties referring to suitable modelling and 

calibration. Microwave techniques are divided into two classes which are 1) free-space 

methods that are conducted in the far-field region such as horn lens antennas and 2) 

closed waveguide methods that are conducted in the near-field region such as open-

ended coaxial and open-ended waveguide. 

 

 

1.4 Problem Statements 

 

 

The demand of fruit quality assessment has increased since the industry suffers from 

capital lost that occurs mainly during fruit classifying process (Aulakh & Regmi, 

2013). The quality of mango is greatly dependent on the internal properties such as 

m.c, soluble solid content (SSC) and pH (Sun et al., 2010; Butz et al., 2005). The 

common practice is that mango is assessed based on its external properties such as 

mass (M), width (W) and length (L). However, the M, W and Lof mango may not truly 

represent its internal quality (m.c., SSC and pH) (Soltani et al., 2011). This work focus 

on the internal properties since the measurement of m.c. remains the prime interest in 

mango assessment like all agri-food produce (Ragni et al., 2006) as well as soluble 

solid content (SSC) and pH. In literature, many studies have reported the range of 

values of m.c., SSC and pH in mango after harvesting (Sosa- Morales et al., 2009; 

Appiah et al., 2011; Vásquez-Caicedo et al., 2002) but lack of information for mango 

during its developmental stages. Several measurements techniques have been 

proposed to determine mango quality (Ueda et al., 2001; Jha et al., 2011). The existing 

methods to determine the m.c., SSC and pH in mango such as conventional oven 

drying (Nielsen, 2010), refractometer (Kader et al., 2003) and pH meter (Kulasekaran 

et al., 2015) are laborious, difficult, time consuming, and destructive. Thus, this work 

provides an accurate, rapid, cost-effective and non-destructive technique. 
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Numerous literatures report on the different techniques for non-destructive analysis of 

food, which include acoustic, spectroscopic (Near infrared (NIR)), electrical, magnetic 

resonance, X-ray and computed tomography (Sun et al., 2010; Butz et al., 2005; Ruiz-

Altisent et al., 2010). However, all of these techniques are bulky and laborious. 

 

 

Dielectric characterisation of agri-food produce is relatively a new method (Jamaludin 

et al., 2014), and is emerging using the commercial Keysight open-ended coaxial probe 

(KOEC). The KOEC probe has been used to determine the permittivity of fruits such 

as palm oil (Yeow, 2006) and apple (Guo et al., 2011). The KOEC is designed for 

permittivity measurement of liquid and semi-solid materials. Yet, the accuracy of the 

permittivity measurement for solid samples has not been evaluated.  In the 

development of mango, water plays an important role since it is the main composition 

in the fruit, which is from 72.7% to 88.1% from week 5 to week 17 observation. The 

small changes in m.c. during fruit development require the usage of a sensor with better 

performance in reflection measurement. 

 

 

This work proposed the use of open-ended sub-miniature panel (SMA-P) coaxial 

sensor for the determination of m.c., permittivity, SSC and pH from week 5 to week 

17 during fruit development. The determination of m.c. and permittivity in mango will 

be based on the measured values of reflection coefficient. Once the calibration 

equations have been established, the technique can be performed non-destructively. 

The accuracy of the technique can be determined by calculating the reflection 

coefficients of the samples by inserting the permittivity values in the finite element 

method calculation and then compared with the actual measured values using SMA-P 

coaxial sensor. 

 

 

1.5 Research Objectives 

 

 

The main objectives of this study are: 

 

1. To determine the variation in mass, width, length, m.c., pH and SSC in mango 

with weeks after anthesis during fruit development. 

2. To establish the relationships between dielectric constant, loss factor, critical 

frequency and m.c. in mango. 

3. To determine the accuracy of permittivity results using finite element method 

(FEM) by comparing the calculated and measured results for the magnitude of 

reflection coefficient, |S11|. 

4. To establish the calibration equations relating |S11| with dielectric constant, loss 

factor and m.c., validate the accuracy of each calibration equations and analyse 

the performance of open-ended sub-miniature panel (SMA-P) coaxial sensor. 
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1.6 Scope of the Study 

 

 

The major focus of this study is to determine the quality of mango based on m.c. 

parameters using the open-ended sub-miniature panel (SMA-P) coaxial sensor that is 

applied during growth development of Chok Anan mango.  

 

 

Chapter 2 presents various techniques to determine the quality of fruits in general. This 

chapter also discusses the conventional methods to determine m.c. of fruits. This is 

then followed by an overview of two common microwave sensors to determine m.c. 

in agricultural and food products. A brief introduction to various numerical methods 

to calculate the reflection coefficient, |S11| SMA-P coaxial sensor will also be 

presented.   

 

 

Chapter 3 highlights the theoretical background of the microwave techniques, which 

includes Maxwell’s equations and boundary conditions. Two approaches to calculate 

the |S11| of coaxial sensor using admittance model and finite element method are also 

presented.   

 

 

Chapter 4 describes detailed experimental procedures to obtain the mass, size, m.c., 

SSC and pH in mango using the standard method as well as the permittivity values of 

different percentage of m.c. in mango using Keysight open ended coaxial probe. In 

addition, this chapter also presents the procedures to obtain |S11| of the SMA-P coaxial 

sensor immersed in standard materials (water) as well as different percentage of m.c. 

in mango. 

 

 

Chapter 5 consists of four main parts. The first part discusses about the pattern of the 

mass, width, length, m.c., SSC and pH in mango during fruit development from week 

5 to 17.  The second part presents the variation of dielectric properties (dielectric 

constant and loss factor) at different percentage of m.c.. The third part focuses on the 

comparison of measured and calculated |S11| using finite element method for standard 

materials (air and water) and different m.c. values. Apart from that, the calibration 

equation to predict the m.c. dielectric constant and loss factor based on |S11| 

measurements are also presented. The final part presents the discussion on the 

prediction of SSC and pH based on the m.c. measurement using SMA-P coaxial sensor.  

 

 

Finally, Chapter 6 summarizes all the results and findings obtained in this study.  This 

chapter also presents several recommendations for future works pertaining to this 

study. 
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