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Fruit Using Finite Difference Method 
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J. Hassan*, H. Zainuddin* and S.F. Khor§ 

 
Abstract – Finite difference analysis were applied to study the principle operation of monopole 
antenna for moisture determination in oil palm fruit at 2 GHz. The electromagnetic field interact with 
oil palm fruit on the interface between the antenna and oil palm fruit and cause a reflection. The 
reflection measurement is based on mismatch impedance or dielectric properties between two media. 
Reflection coefficient is used to quantify the level of reflection. The monopole antenna was made of 
RG405/U semi-rigid coaxial cable with an inner and outer diameter of 0.45 mm and 1.50 mm, 
respectively with 2.23 mm length of protruding conductor over 5.66 cm length of monopole antenna. 
This monopole antenna for moisture detection was compared with induced EMF method in terms of 
reflection coefficient at 2 GHz. The results show that the complex reflection coefficient measured 
using monopole antenna provides significant results to predict moisture content in oil palm fruit. 
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1. Introduction 
 
Moisture content (mc) of agricultural products is one of 

the most important parameters for determining quality of 
yield of agriculture. The optimum time for harvesting and 
potential for safe storage is required. It is also an important 
parameter in determining the market price because the 
moisture contents in agricultural products determine the 
value of the products. In the processed agricultural products 
e.g. grains for flour [1], other food products or animal feeds, 
moisture content in these materials is important information 
for efficient processing and achieving the desired high-
quality products. 

Using standard oven drying methods [2] measuring 
moisture content in agricultural products require specific 
time periods at specific temperatures. Even though this 
method is accurate in determining moisture content in 
fruits, it is also tedious, time-consuming, and not suitable 
in the agro-production. Hence, a rapid testing microwave 
method need to be developed as proposed in this work.  

In the twentieth century, microwave method was 

implemented in soil moisture detection [3], dehydration of 
fruit and heating [4]. 

In earlier times, many studies about the electrical 
resistance of vegetation have shown that electrical 
resistance is correlated with moisture content. The high 
correlation between permittivity of material and water 
content in the material hasten the usage of microwave 
method in sensing moisture content [5]. Hence, the 
principle where the dielectric property of the agricultural 
products is highly correlated with moisture content is 
proposed. 

The dielectric properties of agricultural products is a 
function of moisture content, frequency of the applied 
electromagnetic field, temperature, density and structure 
of the materials [6, 7]. When an external electric field is 
applied in fresh agricultural products (moist material), the 
polar water molecules in the material takes times to build up 
an equilibrium polarization. If high frequency of electric 
field strength is imposed, the polarization will lag behind 
the changing field. The dielectric properties of the material 
in time-dependent fields will therefore deviate from the 
corresponding equilibrium properties in the steady fields.  

Currently, Malaysia has been the second largest 
producer of palm oil in the world. In 2011, the palm oil 
sector was the fourth largest contributor to Malaysia’s 
economy, which contributes USD 16.8 billion to Malaysia’s 
Gross National Income (GNI). Therefore, large efforts have 
been imposed to maintain or optimize this profitable industry, 
and finding the most accurate and efficient approach to 
optimize the yield (palm oil).  

The amount of moisture content in oil palm fruit is one 
of the indicators to assess its ripeness. In other words, 
the moisture content can be used to determine the best 
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time to harvest oil palm fruit for oil extraction. Since oil 
palm fruit is the main commodity crop in Malaysia, a 
wrong judgement on the ripeness of oil palm fruit may 
cause severe economic losses. In this work, an innovative 
attempt has been worked out by using monopole antenna 
for moisture sensing in oil palm fruit to predict the best 
harvest time for oil palm fruit.  

The determination of ripeness of oil palm fruit can be 
carried out via the measurement of moisture content in oil 
palm fruit. Ariffin et al. [8] reported that the moisture 
content in oil palm fruit is closely related with fruit 
ripeness. In Fig. 1, it can be observed that the moisture 
content is higher in fresh oil palm fruit than the ripe fruit 
at the early stage of fruit growth. The moisture content in 
the fruit declines progressively when the number of 
weeks after anthesis increases. It declines drastically to 
approximately 40% in the ripe fruit from week 16 to week 
17 after anthesis. Moisture content declines insignificantly 
from week 18 to week 24. The decline in moisture content 
is about the same rate as the accumulation of oil in the fruit. 
Hence, there is a close relationship between the moisture 
content and oil content in the fruit. This phenomenon is 
helpful to gauge the fruit ripeness. In order to develop a 
reliable and cost effective instrumentation system for 
ripeness of oil palm fruit, numerical method need to be 
implemented prior to instrumentation system development. 

Finite difference method used in this work is a cost 
effective technique. Unlike the previous work using finite 
element method (FEM) on coaxial probe [9], finite 
difference method does not require commercial software to 
run finite element analysis. Finite difference computer 
program is simple and efficient way to calculate reflection 
coefficient of coaxial probe. 

 
 

2. Methodology 
 

2.1 Monopole antenna 
 
In this work, monopole antenna was fabricated to 

measure the reflection coefficient of oil palm fruits. The 
monopole antenna was fabricated of SMA (Sub Miniature 
version A) connector and RG405/U semi-rigid cable as 
shown in Fig. 2. Hard and malleable coaxial cable with a 
maximum operating frequency of 40 GHz which is also 
known as semi-rigid cables is utilised. RG405/U semi-rigid 
cable is commercially obtained in reel length of 3 cm, and 
can be formed easily to a monopole antenna with a small 
inner conductor diameter and adjustable protruding length. 
The RG405/U semi-rigid cable was considered primarily 
due to suitability of sensor’s size for moisture measurement 
in the oil palm fruits at 2 GHz. The RG405 is constructed 
in semi-rigid form where the structure is approximately 
equally the same as the rigid cable. The size of the 
commercial rigid cable is bulky and lead to inconvenience 
in this work. 

The Teflon dielectric in semi-rigid cable is enclosed by a 
solid silver-coated copper-clad steel conductor as the outer 
conductor. The inner conductor is of the same material as 
outer conductor. The radius of inner and outer conducted is 
0.45 mm and 1.50 mm, respectively as shown in Fig. 2 (a). 
Meanwhile, the length of coaxial line and protruding 
conductor is 5.66 cm and 2.23 mm, respectively as shown 
in Fig. 2 (b). 

The connected low loss coaxial cable with monopole 
antenna was calibrated using one port commercial 
calibration standards (match load, open and short) at the 
input plane of antenna (end of feeder cable). In other words, 
the input plane is calibrated before measurement, hence 
characteristic of measurement would not be affected. 

The monopole antenna is connected to a computer 
controlled HP 8720B vector network analyzer (VNA) as 
shown in Fig. 3. 
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Fig. 1. Variation of water and oil content over week after 
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Fig. 2. (a) Cross section and (b) inner side view of 
monopole antenna 
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Fig. 3. Measurement setup 

 
Fig.4. Geometry of coaxial line excited probe on a ground 

plane [13] 
 

2.2 Induced EMF method 
 
The induced EMF method is a classical method to 

compute the self and mutual impedances [10-12]. The 
induction of currents on adjacent and non-adjacent 
elements will be incurred upon mutual coupling effects 
between antennas, which may result in the array far-field 
pattern being altered compared with the ideal situation 
(mutual coupling is excluded). With the induced EMF 
approach, the electric field is produced in an antenna due 
to a known, predicted or calculated current distribution. 
This electric field is used to calculate the voltage induced 
in each elemental section of the antenna. To establish the 
voltage at the driving terminals of the antenna, the 
reciprocity theorem is required. This method can be used to 
determine antenna radiation resistance. In this work, the 
input impedance of medium, inZ  which the monopole 
antenna interact with as shown in Fig. 4 can be expressed 
as Eq. (1) based on the induced EMF method [13]. 
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 0
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* ' j σε ε ε
ωε
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⎝ ⎠
   (8) 

 
where η  is intrinsic impedance, L is length of protruding 
conductor, k is phase constant, σ is conductivity, ε* is 
complex permittivity, 'ε  is dielectric constant, ω  is 
angular velocity and a is radius of protruding conductor. 
Meanwhile, 0ε  and 0μ  is permittivity and permeability 
in free space, respectively. Hence, reflection coefficient, Г 
can be expressed as  

 

 0

0

in

in

Z Z
Z Z

−
Γ =

+
  (9) 

 
where 0Z  is characteristic impedance of coaxial line, i.e. 
50 Ω. 

 
2.3 Moisture measurement  

 
Moisture content was measured using standard oven 

method which proposed by Malaysia Palm Oil Board, 
MPOB (formerly called as Palm Oil Research Institute of 
Malaysia, PORIM) [2]. This method has been extensively 
used to determine the amount of true moisture content in 
oil palm fruits in oil palm industry. The mc in fruit is then 
calculated using the wet basic formula as in Eq. (10): 

 

 100%

mc in fruit
Weight before dry Weight after dry

Weight before dry

=
−

×   (10) 

 
The determined mc is important to calculate ε* using Eq. 

(22) and listed parameters in Table 1. ε* is one of the main 
parameter to calculate Г from induced EMF method and 
FDM.  

 
2.4 Finite Difference Method (FDM) 

 
In the computation work of FDM, iterative method was 

used to solve large system of simultaneous equations. 
Iterative method uses the calculated field in volt in matrix 
from previous iteration (input matrix) to calculate and 
overwrite matrix for next iteration (output matrix) until it 
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converges to a correct value.  
These field values are arranged to form a matrix. Field in 

matrix is applied to equation  
 

 ( ), 1, 1, , 1 , 1
1
4i j i j i j i j i jE E E E E+ − + −= + + +   (11) 

 
where i and j is sequence of element along vertical axis 
horizontal axis, respectively.  

Plane CD is the boundary between two different 
materials, i.e., the Teflon in the coaxial line and the sample. 
On the dielectric boundary (Fig. 6), the boundary condition, 

 
 D1n = D2n (12) 

 
must be imposed where D1n and D2n are the normal 
components of the electric flux density at dielectric filler in 
coaxial line and in the sample being tested, respectively. 
This condition is based on Gauss’ Law for electric fields, 
i.e., 

 
 * 0encD dl E dl Qε⋅ = ⋅ = =∫ ∫   (13) 

 
Since no free charge is deliberately placed on the 

dielectric boundary. Substituting E= V−∇ in Eq. (13) gives: 
 

 0 * * VV dl dl
n

ε ε ∂
= ∇ ⋅ = ⋅

∂∫ ∫   (14) 

 

where 
V
n

∂
∂

 denotes the derivative of E normal to the 

contour l. Applying Eq. (14) to the interface in Fig. 7 yields 
 

 1 2
0 1 3 2 4

1 2 1 2

1 1
2( ) 2( ) 4 4

E E E E E
ε ε

ε ε ε ε
= + + +

+ +
 (15) 

 
The finite difference potential results on plane CD in 

inset Fig. 6 (cross section area of aperture of coaxial line, 
V) were computed. The potential difference, V, and the 
total charge, Qtotal, at the area of the aperture of the probe 
can be determined easily using Eq. (16) and (17), 
respectively [9]. 

 
 

b

a
V E dρ= ∫    (16) 
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b
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a

Q E d d
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where ρ is the radius at aperture of the coaxial probe, a is 
the inner radius of the coaxial probe, and b is the outer 
radius of the coaxial probe. Hence, capacitance, C can be 
calculated using 

 

 totalQ
C

V
=  (18) 

The normalized and characteristic admittance are 
expressed as: 
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where 0ε is the permittivity in free space, cε =  
2.05-j0.0005 (the relative permittivity of PTFE in coaxial 
line), and 0μ  is the free space of permeability. The 
reflection coefficient, Γ  can be expressed as. 

 

 1
1

Y
Y

−
Γ =

+
 (21) 

 
 

3. Results and Discussions 
 

3.1 Complex permittivity with moisture contents in 
oil palm fruit 

 
The variation in dielectric constant, 'ε  and loss factor, 
"ε  of oil palm fruit, with moisture contents, mc at 2 GHz 

[9] is as shown in Fig. 5. 
The abnormal behavior of 'ε  with mc below 40% is 

due to frequency relaxation of water at 2 GHz. In previous 
works [14,15], the 2 GHz was studied and it has been 
suggested as an optimum frequency for monopole antenna 
in oil palm fruit moisture measurement. The bound water 
relaxation occurred below 2 GHz. Frequency cannot be 
less than 2 GHz to avoid bound water relaxation frequency 
effect. In the meantime, microwave components at lower 
frequencies are cost effective for development of portable 
instrument in the future. The relationship between the mc 

 
Fig. 5. Relationship between mc in oil palm fruit with 'ε

and "ε  at 2 GHz 
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and oil accumulation is illustrated in Fig. 1 can be 
expressed as 

 

 1 1

1 2 0

*
1 1

s j
j j

ε ε ε ε σε ε
ωτ ωτ ωε

∞
∞

− −
= + + −

+ +
  (22) 

 
The complex permittivity of sample under test, *ε  are 

the functions of optical permittivity ε∞ , static permittivity 
sε , Debye multi-dispersion formulation permittivity 1ε  , 

angular velocity ω , relaxation time for low frequency 1τ , 
relaxation time for high frequency 2τ , permittivity in 
free space, 0ε  and conductivity, σ of the sample. The 
expression of these parameters is listed in Table 1. It can be 
observed that all required parameters are a function of 
moisture [9]. The complex permittivity which is required 
for simulation and calculation of reflection coefficient 
were determined through Eq. (22) and parameter listed in 
Table 1. 

Apart from effect due to frequency, mc in fruit is another 
factor which could determine occurrence of bound water 
effect. When moisture content is less than 40%, the 
molecules of water are still bound with other substance in 
the fruit, e.g. fibre. Mobility of water molecules during the 
dielectric polarization is retarded as mc is less than 40%. It 
leads to the decrement of dielectric constant and loss factor. 
When moisture content exceeds 40%, sufficient free water 
molecule is presented in the fruit [9]. These free water 
molecules experience polarization and friction during the 
process of polarization in the applied field [16]. As a result, 
both dielectric constant and loss factor increase as moisture 
content exceeds 40%. 

Both ε′ and ε″ are highly correlated with moisture 
content. The electromagnetic energy could be absorbed by 
water at microwave frequencies due to polarization and 
energy loss. In addition, the volume of moisture in the total 
volume of oil palm fruit influences the effective relative 
permittivity greatly. This is due to the relative permittivity 
of water (ε′ = 80 at DC stage) is much greater than the 
other constituents in the materials, e.g. fiber fruits (ε′ = 2.2) 

and oil content : (ε′ =2.5) [9]. 
 

3.2 Magnitude of reflection coefficient 
 
The magnitude of reflection coefficient, |Γ| that is 

acquired from induced EMF method does not show linear 
relationship between 20% to 90% mc. The magnitude 
decreases when the mc less than 40%, and then it tends 
to become constant when the mc exceeds 40%. The 
protruding conductor in monopole antenna has higher 
tendency to radiate. This tendency is strongly dependent on 
the length of the protruding conductor of monopole 
antenna and penetration depth in sample [9]. The monopole 
antenna propagates field from the protruding conductor and 
the field can be radiated farther.  

The induced EMF method agrees with measured 
magnitude in region 1. When mc exceeds 40% (region 2), 
the magnitude starts to rise and deviate from the measured 
magnitude. Radiation from the inner protruding conductor 
causes reflections from surface and object which is in the 
vicinity of the antenna, which will disturb the measurement. 
In order to avoid the disturbance in measurement, the 
monopole antenna should therefore be much shorter than 
one-tenth of the wavelength, λ/10 in the fruit [9]. Short 
monopole antenna with length approximately or less than 
λ/10 is good to be used in in-vivo measurement. When the 
length of protruding antenna is equal to λ/10 or greater, a 
radiation field exists. In cases where the penetration depth 
in the fruit under study is greater than the fruit volume, it 
disturbs the measurement and additional errors are 
introduced in the measurement of the complex impedance 
in the sample. This is because the field is not contained 
within the sample only, but it also interacts with other 
objects outside the sample [17], [18]. 

FDM does not agree with measured magnitude initially 
in region 1 and it has better agreement with the measured 
magnitude in region 2. The anomaly behaviour presented 
by induced EMF method can be explained through Fig. 5 
where both dielectric constant and loss factor increase 
when moisture content exceeds 40%. It heightens input 
impedance, Zin of monopole antenna. The mismatch 
impedance increases attributed to the response of input 
impedance, and in turn causes increment of |Г| when 
moisture content exceeds 40%. 

A full one-port calibration technique was implemented 
at the CD plane using commercial calibration standards 
kits (match load, open-circuit and short-circuit). CD plane 
is calibration plane, while AB plane is measurement plane. 
Under the assumption of quasi-TEM (transverse 
electromagnetic) mode, the measured reflection coefficient 
at CD plane of sample, CDΓ  and AB plane, ABΓ can be 
determined using the term 2 c cj k de− , where dc and kc are the 
physical length (in meter) and propagation constant of 
coaxial line, respectively. The inconograph in Fig. 6 
illustrate AB and CD plane. The measured CDΓ  of the 
sample at the CD plane can be de-embedded to the 

Table 1. Description of parameters in Eq. (22) 

Cole-Cole parameters of oil palm mesocarp 
4 3 2 23.9899 10 ( ) 8.0046 10 ( )

3.8988( ) 67.258
s mc mc

mc
ε − −= − × + ×

− +
  

5 4 3 3
1

2
1.8394 10 ( ) 3.8076 10 ( )
0.27371( ) 8.7394( ) 98.783

mc mc
mc mc

ε − −= − × + ×
− + −

  

(0.84 ) (0.16)water oil fiber
water waterε ν ε ν ε ε∞ ∞ ∞ ∞= + − + , 

where waterε∞ ≈ 4.9 ; oilε∞ ≈ 2.5; fiberε∞ ≈ 2.2 
17 3 15 2

1
13 11

1.1394 10 ( ) 1.3309 10 ( )
1.0209 10 ( ) 1.6660 10

mc mc
mc

τ − −

− −

= − × + ×
− × + ×

 

17 3 15 2
2

13 11
5.5307 10 ( ) 8.7071 10 ( )
4.6620 10 ( ) 1.6004 10

mc mc
mc

τ − −

− −

= − × + ×
− × + ×

  

4 2 2

1
6.2861 10 ( ) 3.6521 10 ( )

6.3931 10
mc mcσ − −

−
= × − ×
+ ×
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connector end of the probe which coincide with the 
calibration AB plane to give an actual reflection coefficient, 

ABΓ .  
In Table 2, it can be observed that the magnitude of 

reflection coefficient of FDM in AB and CD plane is 
similar in mean magnitude error when compared to 
measured data. It means that the magnitude was unchanged 
when CD plane is extended to AB plane along the Teflon-
filled monopole antenna. This is due to the lossless 
characteristics in Teflon. The loss factor from Teflon is 
about 0.0005. Hence, the propagation of wave in lossless 
medium is not attenuated significantly. In other words, the 
attenuation constant, α = 0 Np/m. Meanwhile, the induced 
EMF method shows mean magnitude error, 0.0825 for mc 
range 20% to 90%. 

In Fig. 6, it can be observed that magnitude of induced 
EMF method showed better agreement with measured data 
if compared with FDM when moisture content is less than 
40% (region 1). The mean magnitude error for induced 
EMF method and FDM are 0.07 and 0.14 in region 1, 
respectively. Significant difference of mean magnitude 
error among the methods in region 1 can be observed. In 
region 1, the maximum oil content is accumulated. It is 
very important to predict mc accurately. 

In the contrary, FDM shows better agreement with 
measured magnitude compared with induced EMF method 
when mc exceeds 40% (region 2) compared with induced 
EMF method. FDM and induced EMF method show 
different sign of gradient. The magnitude of FDM 
decreases from 40% to 90% of mc, whereas magnitude of 

induced EMF method increased in region 2. The mean 
magnitude error obtained from FDM and induced EMF 
methods are 0.04 and 0.09, respectively. Induced EMF 
method cannot be used to predict mc in this mc range 
because it shows positive gradient that is opposite with 
measured magnitude. 

The fringing effect at the protruding conductor and 
aperture is due to the high conductivity of the moist media. 
Excessive mc (mc > 40%) causes high conductivity. FDM 
divide the electromagnetic analysis on the coaxial line and 
protruding antenna in mesh. If the number of developed 
mesh is sufficient enough as shown in Fig. 7, the fringing 
effect can be accurately considered. In addition, the 
aspect ratio of coaxial line, b/a is also a major factor that 
describes the fringing effect. This factor is considered too 
in FDM. Thus, the FDM result has better agreement with 
measurement. However, the principle of induced EMF 
method does not take aspect ratio into account, but only the 
dimension of protruding conductor. The fringing field from 
aperture of coaxial line is not considered, but only far 
field. In addition, induced EMF method assumes uniform 
shape of the fruit. As a result, the assumption that is made 
in induced EMF method cause the severe discrepancy 
between calculated and measured result when moisture 
content exceeds 40%. 

 
3.3 Phase of reflection coefficient 

 
The variation of phase with mc is shown in Fig. 8. The 

phase shift, 11Sϕ  is determined by the physical length. It is 
illustrated in Fig. 9. 

The extension from measurement plane (CD plane) to 
calibration plane (AB plane) causes the results in Fig. 6 to 
agree with measured results. The length of coaxial line is 
estimated between 6.30 cm and 6.40 cm. When the 
physical length is varied, the optimum length of monopole 
antenna that provides the smallest error is slightly different 
with exact length, i.e. 5.66 cm. The discrepancy of optimum 
length from exact length can be regarded as compensation 
for measurement errors. The optimum length of monopole 
antenna is longer than exact length by about 0.64 cm. 

Table 2. Mean magnitude error of reflection coefficient 
using FDM and induced EMF method  

Method Mean magnitude error 
FDM (AB plane) 0.0736 
FDM (CD plane) 0.0736 

Induced EMF method (AB plane) 0.0825 
Induced EMF method (CD plane) 0.0825 
 

 
Fig. 6. A comparison of magnitude of reflection coefficient 

among measured data, FDM and induced EMF 
method. 

 
Fig. 7. Subdivide antenna and patch of oil palm fruit into 

mesh (solution region) 
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Meanwhile, the wavelength range of applied field from 
20% to 90% mc range is from 0.0018 cm to 0.0037 cm due 
to variation of travel speed of applied field. 

The phase of reflection coefficient from induced EMF 
(solid line in Fig. 8) agrees slightly with measured data 
compared with FDM at the AB plane. FDM on AB plane 
and induced EMF method show similar mean phase errors, 
namely 8.27 degrees and 7.02 degrees respectively. The 
error shown by FDM is 80.38 degrees on the CD plane. 
After the plane is extended from CD plane (measurement 
plane) to AB (calibration plane), the error reduced to 8.27 
degrees (as listed in Table 3). The measurement plane must 
coincide with the calibration plane to ensure consistency 
between FDM and measurement.  

In Fig. 8, it can be observed that the phase of induced 
EMF method shows better agreement with the measured 
phase compared with FDM when range of mc is less than 
40% (region 1). The mean phase error of induced EMF 
method is 5.57 degrees. FDM showed larger mean phase 
error on CD plane at 73.68 degrees compared with induced 
EMF method and FDM on AB plane. Even though the 
mean phase error of FDM reduces to 8.82 degrees after 
plane extension, the phase of induced EMF method still 
works better than FDM in region 1 (Fig. 8).  

The FDM still shows the large mean phase error 
compared with induced EMF method on measurement 
plane (CD plane) in region 2 of Fig. 8. The mean phase 
error for induced EMF method in region 2 is 7.71 degrees. 

Meanwhile, the mean phase error for FDM is 75.05 
degrees. After plane extension, the mean phase error of FDM 
reduces to 7.82 degrees. This implies that the coinciding 
of measurement plane and calibration plane improves the 
phase of FDM by reducing the mean phase error about 
67.23 degrees. Overall, FDM exhibits the least mean phase 
error, i.e. 8.27 degrees for mc from 20% to 90%. In other 
words, FDM has better agreement with phase. 

The moisture content can be determined from empirical 
equations listed in Table 4 in terms of magnitude and phase 
of reflection coefficient for each method, except induced 
EMF method because moisture empirical equation in terms 
of magnitude cannot be a mathematical function due to its 
failure in horizontal line test in Fig. 6. It implies that for 
every value of moisture content in the function of |Г| from 
induced EMF method, there is not one unique |Г|. 

The developed empirical equation for mc prediction is 
acquired through measured magnitude. |Г| and phase, φ  
over mc. Gaussian Elimination method was implemented 
to determine coefficients for empirical equations in Table 3 
and Table 4 in terms of |Г| and φ . 

 
 

5. Conclusion 
 
In this work, a monopole antenna which was made of 

RG405/U semi-rigid coaxial cable was used for moisture 
detection in oil palm fruit in conjunction with HP 8720B 

Table 3. Comparison of phase of FDM with induced EMF 
method and measured data in terms of phase of 
reflection coefficient 

Method Mean phase error 
FDM (AB plane) 8.27 degree 
FDM (CD plane) 80.38 degree 

Induced EMF method (AB plane) 87.09 degree 
Induced EMF method (CD plane) 9.25 degree 

 
 

 
Fig. 8. A comparison of phase of reflection coefficient 

among measured data, finite difference method and 
induced EMF method. 

Table 4. Relationship among moisture content, magnitude 
and phase of reflection coefficient 

Method  Empirical/trendline equation 
Magnitude mc = -184.26(|Γ|) + 196.84 

Measurement
Phase mc = 3.9×10-3

2ϕ +0.4017ϕ +37.562

Magnitude mc = -5908.70(|Γ|)3+15538.00(|Γ|)2 
 -13706.00(|Γ|) +4100.60 FDM 

Phase mc = -0.62ϕ -26.51 
Induced EMF 

method Phase mc =-0.56ϕ -20.76 

 

 
Fig. 9. Physical length of coaxial line (monopole antenna) 

with its phase error of reflection coefficient 
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vector network analyzer. Finite difference method and 
induced EMF method were used to compare with measured 
reflection coefficient in terms of magnitude and phase. It 
can be observed that finite difference method shows 
better agreement with measured magnitude of reflection 
coefficient with mean magnitude error of 0.0736. After 
transmission line method is conducted to extend CD plane 
to AB plane, mean phase error presented by FDM has been 
improved to 8.27 degrees if compared with induced EMF 
method which exhibit mean phase error of 9.25 degrees. 
FDM shows good agreement with measured phase of 
reflection coefficient, 11Sϕ  or ϕ . 
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