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Abstract: Reflection coefficient measurements are critical and widely used to determine the 
permittivity and moisture content of materials. The calculation of both the magnitude and phase of 
an open-ended coaxial reflection coefficient via the Method of Moments (MoM) is presented. The 
solution to the problem of calculating the reflection coefficient of the PTFE-filled coaxial sensor for air 
is obtained by converting the electric field integral equations into a linear system. The variation of the 
measured and calculated magnitude reflection coefficient as a function of frequency for air at room 
temperature was found to be 0.7 to 1.02. A comparison between MoM and the quasi-static method, 
using measured data, showed that MoM was closer to the measured magnitude. The phase reflection 
coefficient was also more accurate with MoM than with the quasi-static method. The calculation of 
the reflection coefficient using analytical (quasi-static) and numerical (MoM) methods for air as the 
sample was shown to compare favorably with the measured magnitude and phase of the reflection 
coefficient. 
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1. Introduction 

One of the most extensively used sensors for determining the 
dielectric characteristics of materials at microwave 
frequencies is the open-ended coaxial approach. Using the 
analytical admittance model (Soleimani, 2010, Levine and 
Papas, 1951; Soleimani et al., 2024). The permittivity of the 
material under test is typically determined from the observed 
reflection coefficient. Unfortunately, the analytical solutions 
are incorrect due to the formulations' assumptions of 
homogeneity, such as the use of an approximate technique to 
handle the singularity in the equations (Soleimani, 2010). 
Several computational strategies have been developed to 
handle electromagnetic (EM) issues that do not lend 
themselves to analytical or precise solutions (Šarolić & 
Matković, 2022; Yusuf et al., 2021). The Method of Moments 
(MoM), the Finite Element Method (FEM), and the Finite 
Difference Time Domain (FDTD) method are the most 
commonly used approaches. For the derivation of governing 
equations, FEM is more suitable for irregular wave problems 
than MoM, as a comparison of the two procedures outlined in 
the preceding paragraph. FEM is a useful approach; however, 
the primary issue is that human preparation and program 
execution time exceed that of MoM. The MoM is the most 
suitable solution for addressing open-boundary issues; 
however, it is significantly more difficult than FEM in terms of 
overall operations. In tackling integral-based electromagnetic 
issues, R.F. developed the Method of Moments (MoM) (Dilman 
et al., 2023; Gibson, 2021; Soleimani et al., 2023). Since then, it 
has been widely utilized, and numerous fast algorithms based 
on the Method of Moments have been devised (Chew et al., 
2001).  

In recent years, open-ended coaxial wires have been widely 
used as sensors to detect the permittivity of biological 
molecules (Sutthaweekul, 2019). Due to their uncomplicated 
design and compact size (with the possibility of being as small 
as 0.5 mm in diameter), these sensors' equivalent circuit 
characteristics were determined either through direct 
measurements or by inference from tests conducted on 
known dielectrics using the lumped circuit approach. 
Additionally, the fringing capacitances were presumed to be 
directly proportional to the permittivity (ε) and to remain 
unaffected by the signal frequency (Yusuf et al., 2020; Yahya et 
al., 2020). The objective of this study is to employ numerical 

methods to examine how the fringing capacitance of coaxial 
sensors varies with the sample permittivity, as depicted in Fig. 
1. The focus is on investigating the two-capacitance, or linear, 
model, which relates the net fringing capacitance to the 
sample permittivity. As it is well established (Suhaime, 2018) 
that the fringing capacitance remains constant from direct 
current (dc) to microwave frequencies in the case of a 
homogeneous scenario (for all practical line widths), this 
research focuses solely on estimating static fringing 
capacitances. 

To address the static conductor-dielectric problems at 
hand, both the Finite Element Method (FEM) and the Method 
of Moments (MoM) were applied, employing a set of 
interconnected integral equations (Bisgaard, 2000; Meziat et 
al., 2007). Only a lossless dielectric is modeled since all 
solutions are static. The application works on the premise that 
a reflected signal through the coaxial aperture will contain the 
necessary information about the material sample at the 
terminal surface. As a result, if the aperture admittance or 
reflection coefficient features are accurately defined, they may 
be utilized as a probe to characterize material samples. 
Nonetheless, no fully analytical link exists between the 
reflection coefficient and the permittivity of the material under 
examination. 

2. Vector Moment Method Analysis of an Open-Ended 
Coaxial Line 

2.1 Partial Difference Equation 

An open-ended coaxial line is made up of an inner and outer 
conductor with radii a and b. Figure 1 depicts the Infinity. 
Maxwell's equation provides the partial differential equation 
(PDE) formulation for any TM wave: 

!∇ × 𝐻%%⃗ ' = (𝜎 + 𝑗𝜔𝜀)𝐸%⃗                       (1) 

!∇ × 𝐻%%⃗ ' = (𝐽	%%⃗ + ! "#$⃗
&'
)                     (2) 

Where 𝜀 = 𝜀(𝜀)  is the permittivity of the material. For the 
open coaxial line, the magnetic field, 𝑯%%%⃗%%%⃗  is a function of 𝝆 
and z but independent of		𝝓, thus 
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Figure 1: Coaxial line. 

We can find an equation for the aperture surface of the coaxial 
line, E!(ρ, 0)	 is the radial electric field intensity over the 
aperture. The following is the magnetic field intensity Type 
equation. The equation for the medium over the ground 
plane, which is a linear, isotropic, homogeneous, 
nonmagnetic substance with complex permittivity, is as 
follows:  

𝐻2-(𝜌, 0) =
34,",
5 ∫ 𝐸*(𝜌6

7
8 , 0)𝜌6 ∫ 9:;<-#= >?@(B3C))

)
5
( 𝑑𝜙6𝑑𝜌6        (4) 

 
If z = 0      r2=𝜌E + 𝜌6! − 2𝜌𝜌6 cos(𝜙6) 

For an internal coaxial line with the field component inside the 
line, z < 0 is expressed in terms of the forward traveling 
fundamental TEM mode, its reflection at the interface, and a 
series of TM evanescent modes generated at the discontinuity. 
In general, the field in the coaxial line is expressed as: 

𝐻B-(𝜌, 0) =
1
𝜋𝜌

+	

𝑗𝜔𝜀(𝜀F ∫ 𝐸*(𝜌6
7
8 , 0)𝐾G(𝜌, 𝜌6)𝜌6𝑑𝜌6     (5) 

Where 𝜀"	 is the permittivity of the coaxial line.?  

Thus:	𝑲𝑪(𝜌, 𝜌6) = 𝑗	 ∑ 	Ф$(*)Ф$(*
#)

J$!K$
L
MN(               (6) 

	ФM(𝜌) = [𝑌((𝛾M𝑎)𝐽+(𝛾M𝜌) − 𝐽((𝛾M𝑎)𝑌+(𝛾M𝜌)	]       (7) 

	ФM(𝜌6) = [𝑌((𝛾M𝑎)𝐽+(𝛾M𝜌6) − 𝐽((𝛾M𝑎)𝑌+(𝛾M𝜌6)]   (8) 

		𝐴ME =
E

5!O$!
[	P"

!(O$8)
P"!(O$7)

− 1] n≥ 1              (9) 
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𝛽( = 𝑘F								𝛾( = 0											𝐴(E = Ln(	V
W
	)               (11) 

Jn and Yn are Bessel functions of the first and second kinds of 
order n, respectively. The 𝛾$ are solutions to the following 
characteristic equation: 

𝑌((𝛾M𝑎)𝐽((𝛾M𝑏) = 𝐽((𝛾M𝑎)𝑌((𝛾M𝑏)							        (12) 

According to two different coaxial lines, internal and aperture 
fields, we can observe that when z=0, then two variety fields, 
H+ and H-, are equal. Thus, these equations are studied: 

+
5*
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Thus: 

∫ 𝐸*(𝜌6
7
8 , 0)(𝜌6𝜀 ∫ 9:;<-#= >?@(B3C))

)
5
( 𝑑𝜙6 −

𝜌6𝜋𝜀(𝜀F𝐾𝑪(𝜌, 𝜌6)) 𝑑𝜌6 =
+

34*
              (14) 

Where j: imaginary unit, where j2 =−1; it represents the 
complex phase factor used in the context of wave 
propagation. ω: angular frequency of the wave, related to the 
frequency f of the wave by ω  =2πf. ε0: permittivity of free space 
(vacuum permittivity), which is a fundamental physical 
constant; it represents the ability of a vacuum to permit 
electric field lines. ε: the relative permittivity (dielectric 
constant) of the material inside the coaxial line or system; it 
represents the ratio of the permittivity of the material to the 
permittivity of free space (ε=εr ). ρ′: radial coordinate, Eρ(ρ
′,0); this represents the electric field in the radial direction (ρ 
direction) at some point (ρ′) in the coaxial line or system. 
The field is evaluated at z=0, suggesting that it may be 
evaluated at the surface or another reference point. 

To transform integral equations into a matrix equation, the 
Method of Moments [3] is extensively utilized. A linear operator 
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equation can also be converted to a matrix equation. The 
following is an example of a linear operator equation: 

L× f = g              (15) 

Where L is a linear operator, f is the unknown function 
responding to excitation g. The unknown function f is 
expanded in terms of a set of essential functions, namely: 

𝑓 = ∑ 𝑎M𝑓M	X
MN+                (16) 

The problem now becomes finding an. Substituting (15) into 
(16), we have: 

∑ 𝑎M𝐿𝑓MX
MN+ = 𝑔               (17) 

Multiplying the above by Wm, which serves as a testing 
function, we arrive at a matrix equation or, more specifically: 

[𝑤YM ]. [𝑎M] = [𝑔Y]               (18) 

Where the elements of Wmn and  g% are known, and a&	is the 
unknown column vector. Then, a& is evaluated as follows: 

[𝑎M] =[𝑤YM ]B+. [𝑔Y]              (19) 

Once a matrix equation is given, various methods can be used 
to solve for the unknown coefficients. The most 
straightforward and reliable process in our later calculation 
was decomposition. Many iterative solvers and fast algorithms 
can be applied to speed up calculation (Liu et al., 2010). 

We can separate Equation (14), and it can be written 
according to the following matrices: 

[𝑔Y,YE] = +
34*&'&!

              (20) 

[𝑎M] 	= ∫ 𝐸*(𝜌6
7
8 , 0)𝑑𝜌6              (21) 
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9:;Z-′[ >?@(B3C))

)
5
( 𝑑𝜙′ −

𝜌′𝜋𝜀(𝜀F𝐾𝑪!𝜌Y, 𝜌M′')               (22) 

Give 

𝐾+\ = ∫ 9:;<-#= >?@(B3C))
)

5
( 𝑑𝜙6               (23) 

If 𝜌E ≠ 𝜌6! 	→ 		𝐾+\ = ∑ 9:;<-#=>?@	(B3C))
)

+](
( 		              (24) 

If 𝜌E = 𝜌6! →	𝐾+\ = ∑ 9:;<-#=>?@	(B3C))
)

+](
(.+               (25) 

The following equation produces the m=N equation of the 

form	∑ 𝑤'$(
$)* 𝑎$ =

*
+,-!

				𝑚 = 1,2,… ,𝑁 

According to the following equation, we can approximate the 
aperture admittance (Xu et al., 1991): 

𝑌F =
E

	∫ #((*#
)
* ,()`*#

− E5

ab()*)Q
+"
,",%

               (26) 

The admittance charge of the coaxial line (27), normalized 
aperture admittance (28), and reflection coefficient (29) are 
calculated as follows (Pournaropoulos & Misra, 1994): 

𝑌( =	
E5

abZ)*[Q
+"
,",%

               (27) 

𝑌]=c%
c"

              (28) 

𝑆++ =
+Bcd
+2cd

              (29) 

The ground plane is divided into M concentric annular zones 
of coaxial sensor width (Figure 2). 

 

Figure 2. Ground plane with annular zones surface coaxial sensor. 

3. Results and Discussion 

The variation of the measured and calculated | Γ | with 
frequency for air at room temperature is shown in Figures 3a 
and 3b. The | Γ | varies in the range of 0.7 to 1. Even though it 
shows fluctuations, the value can still be approximated as 1. It 
can be observed that the compared value is similar to the 
calculated | Γ |, which is obtained from the quasi-static method 
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and MoM. This fluctuation may be due to the multiple 
reflections in the measurement. The magnitude is strongly 
affected by the mismatch impedance. 

Meanwhile, the mismatch impedance depends on the 
sample permittivity. Therefore, the nearly constant magnitude 
is due to the invariant dielectric constant and loss factor of air 
as the frequency varies (Figure 3c). The phase is a function of 
sample thickness and permittivity. As mentioned previously, 
the dielectric and loss factors are constant when the frequency 
varies. However, this variation is insignificant, as the negative 
phase goes from 0 rad to -0.1 rad.  

 

Figure 3. Variation in reflection coefficient with frequency for air: (a) 
magnitude, (b) phase, and (c)  variation in dielectric constant and 

loss factor with frequency at room temperature for air. 

The accuracy of MoM and the quasi-static method in 
magnitude and phase can be reviewed; magnitudes obtained 
from the quasi-static method may be observed to fluctuate 
with frequency, as shown in Figure 4(a). The trendline's 
fluctuations are around 0.0092, even though valor absoluto de 
incremento mayúscula gamma , final valor absoluto subíndice 
mayúscula M o mayúscula M   varies with increasing 
frequencyequency increases. By comparing the magnitude of 
MoM and the quasi-static method, it can be found that MoM 
agrees better with the measured magnitude. This can be 
proved by comparing mean |∆𝛤|./.  and |∆Γ|01234 . The 
comparison reveals that MoM shows a smaller |∆Γ|than the 
quasi-static method (|∆Γ|01234   = 0.0593). 

 

Figure 4. Variation in (a) ÷ΔГç  and (b) ÷ΔFç with frequency for air. 

By removing the second term from (27), the frequency-
independent component of the capacitance of the coaxial 
opening may be calculated. The capacitance thus obtained is 
divided by C0 (b – a) for a cable with b/a = 3.27 and ε0= 2.05. The 
variation of the measured and calculated | Γ | with frequency 
for air at room temperature is shown in Figure 3. The | Γ | varies 
in the range of 0.7 to 1.02. Even though it shows fluctuations, 
the value can still be approximate as 1. It is observed that this 
approximate value is similar to the calculated | Γ | obtained 
using the quasi-static method and MoM. This fluctuation may 
be due to multiple reflections in the measurement. The 
magnitude is strongly affected by the mismatch impedance. 
Meanwhile, the mismatch impedance is the function of the 
permittivity of the medium. Therefore, constant magnitude 
exists due to the invariant dielectric constant and loss factor 
for air when frequency varies. 

The phase is a function of the medium's thickness and 
permittivity. As mentioned previously, the dielectric and loss 
factors are constant when the frequency varies. However, this 
variation is insignificant; the negative phase varies from 0 rad 
to -0.1 rad. The accuracy of MoM and quasi-static in magnitude 
and phase can be reviewed in Figure 4. It can be observed that 
÷ΔГçquasi- increases with frequency, as shown in Figure 4(a). 
There is a fluctuating trendline due to the fluctuations in the 
measured results. However, the ÷ΔГçMOM seems to be constant 
at 0.0092 even though ÷ΔГçMOM fluctuates when frequency 
increases. Comparing the magnitude of MoM and the quasi-
static method determines that MoM is closer to the measured 
magnitude. This can be demostrated by comparing mean 
÷ΔГçMOM and÷ΔГçquasi. The comparison reveals that MoM shows 
a smaller ÷ΔГ than the quasi-static method (÷ΔГçquasi = 0.0593). 
The variation of ÷ΔFçquasi and ÷ΔFçMOM with frequency seems 
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similar when they fluctuated within a similar range of ÷ΔFç, 
that is, from 0 to 0.05 rad, as shown in Figure 4 (b). The mean 
÷ΔFçquasi is similar to ÷ΔFçMOM, and their value is listed in Figure 
4 (b).  

The variation of |Γ| with frequency measured at room 
temperature for water is shown in Figure 5(a). |Γ| decreases 
from 0.97 to 0.78 with increasing frequency. Figure 5 shows 
that it decreases when frequency increases. Meanwhile, it 
increases when the frequency increases. This behavior affects 
the |Γ| directly. Consequently, the |Γ| decreases when 
frequency increases, as shown in Figure 5(a). The greater value 
of 𝜀55 is obtained when frequency increases if compared 
with	𝜀55. It implies that the energy stored in the water at room 
temperature is more significant than energy dissipation. It can 
be illustrated in Figure 5 where 𝜀5 is much higher than 𝜀5. Water 
has a higher tendency to store energy than to dissipate it. 𝜀5 is 
more significant than in complex permittivity for water. The 
impedance of water decreases frequently. Hence, the 
mismatch impedance decreases as well. This phenomenon 
causes the |Γ| and F to decrease when frequency increases. 

 

Figure 5: Variation in reflection coefficient with frequency for water: 
(a) magnitude Γ and (b) phase f, and (c) The variation in dielectric 
constant and loss factor with frequency at room temperature for 

water. 

In Figure 6(a), it can be observed that |∆Γ| fluctuates when 
frequency increases. ÷ΔГçMOM decreases to 3.1 GHz and then 
increases water ionic polarization at this frequency. 
Meanwhile,  ÷ΔFçquasi has a peak at about 3.25 GHz. This 
implies that MoM shows the most accurate results at 3.2G Hz. 
This peak is smaller than the peak presented by the quasi-
static method (÷ΔFçquasi). For frequency less than 2.9 GHz,  

÷ΔFç quasi is higher than ÷ΔГçMOM. When the frequency exceeds 
2.9 GHz, ÷ΔFçquasi is slightly smaller than ÷ΔГçMOM. Therefore, 
the mean ÷ΔГçMOM has a smaller value than ÷ΔFçquasi, that is, 
0.0072 rad and 0.0130 rad, respectively. This is similar to the 
case of magnitude for air. Similarly, the phase  condition is 
similar to a magnitude where mean÷ΔГçMOM is smaller than 
÷ΔFçquasi. From Figure 6(b), this can be observed that ÷ΔГçMOM = 
0.0492 rad and ÷ΔFçquasi = 0.0948 rad. From Figure 6(b), 
÷ΔFçquasi decreases with increasing frequency. Meanwhile, 
÷ΔГçMOM constantly fluctuates at about 0.0492 rad. However, 
the quasi-static method performs better at low frequencies 
than at high frequencies.  

 

Figure 6: The variation in (a) ÷ΔГçand (b) ÷ΔFçwith frequency at 
room temperature for water. 

The variation of the measured |Γ| with frequency at room 
temperature for propanol is shown in Figure 7. The measured 
and calculated magnitude (MoM and the quasi-static method) 
has a similar trendline as in the case of water. The magnitude 
decreases with increasing frequency. The phase is similar to a 
magnitude where the phase decreases with increasing 
frequency. From Figure 7c, it can be observed that and is 
almost the same at 1.5 GHz. When the frequency exceeds 1.5 
GHz, they start to diverge from each other. Increases 
exponentially and tends to become constant. 

Meanwhile, it decreases exponentially. However, the value 
is still higher than when the frequency exceeds 1.5 GHz. The 
fluctuation of magnitude in Figure 7 (a) seems more severe 
than the phase in Figure 7 (b). 

This causes the mean phase error shown in Figure 8(b) to 
experience severe fluctuation. For propanol, MoM works 
differently from the other sample, where the MoM (÷ΔГçMOM) 
shows a more significant mean magnitude error when 
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compared with the quasi-static method (÷ΔFçquasi). The 
÷ΔГçMOM and÷ΔFçquasi is 0.0175 and 0.0288, respectively. 
However, ÷ΔFçMoM has unlike condition as from the magnitude 
in Figure 8(b) because ÷ΔГçMOM is smaller than÷ΔFçquasi. 
÷ΔFçMoM and  ÷ΔFçquasi is 0.0260 rad and 0.0512 rad, 
respectively. The quasi-static method is more accurate than 
the MoM method for propanol in terms of magnitude. 

 

Figure 7: Variation in reflection coefficient with frequency for 
propanol: (a) magnitude |Γ|, (b) phase f, and (c) the variation in 

dielectric constant and loss factor with frequency at room 
temperature for propanol. 

 

Figure 8: The variation in (a) (÷ΔГç and (b) ÷ΔFçwith frequency at 
room temperature for propanol. 

The variation of the measured |Γ| with frequency at room 
temperature for ethanol is shown in Figures 9(a) and b. From 
Figure 9(c), 𝜀5	drops exponentially with increasing frequency 
and decreases with increasing frequency from 1 to 1.2 GHz. 
When frequency exceeds 1.2 GHz 𝜀55 starts to increase. Figure 
9(c) shows that when frequency increases, the difference 
between 𝜀5and 𝜀55 decreases gradually. 

 

Figure 9: Variation in the reflection coefficient with frequency for 
ethanol: (a) magnitude |Γ| and (b) phase f, (c) the variation in 

dielectric constant and loss factor with frequency at room 
temperature for ethanol. 

Therefore, the measured magnitude and calculated 
magnitude (MoM and quasi-static method) decrease 
exponentially and tend to become constant when frequency 
increases. Meanwhile, the phase decreases linearly with 
frequency and increases with frequency ÷ΔFçMoM and  ÷ΔFçquasi 
their values are 0.0580 and 0.0345 rad, respectively. However, 
÷ΔFçMoM and  ÷ΔFçquasi seem constant when frequency 
increases, with values of 0.0180 and 0.0224 rad, respectively. 
Their comparisons are visualized in Figure 10. The result of 
MoM has better agreement with measured results when 
compared with the quasi-static method. 

 

Figure 10: The variation in (a) ÷ΔГçand (b) ÷ΔFç with frequency at 
room temperature for ethanol. 

The situation of methanol is similar to ethanol and propanol. 
The measured and calculated magnitude (MoM and the quasi-
static method) have a similar trendline as in the case of  
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ethanol and propanol. The magnitude |Γ| and F decrease 
when the frequency varies from 1 GHz to 5 GHz, as shown in 
Figure 11. From Figure 11(c)), it can be observed that e' 
decreases when frequency increases. Meanwhile, e" increases 
from 1 GHz to 2.5 GHz and tends to become constant for 
frequency higher than 2.5 GHz. Generally, e' still shows a 
greater value than e".  

 

Figure 11: Variation of (a) magnitude |Γ| of the reflection coefficient 
with frequency for methanol: (b) phase f, and (c) the variation in 

dielectric constant and loss factor with frequency at room 
temperature for methanol. 

The MoM still shows higher accuracy and smaller mean errors 
in magnitude and phase than the quasi-static method. 
(÷ΔГçquasi and ÷ΔFçquasi shown in Figure 12(a) and 12(b), are 
0.0703 and 0.0937 rad, respectively, as shown in Figure 12(a). 
Meanwhile, ÷ΔГçMOM and÷ΔFçMoM is 0.0373 and 0.0474 rad, as 
shown in Figure 12(b).  

 

Figure 12 The variation in (a) ÷ΔГçand ÷ΔFç (b) with frequency at 
room temperature for methanol. 

As shown in Tables 1 and 2, among all the reference samples 
(excluding air) discussed previously, MoM achieves the highest 
accuracy for both magnitude and phase. They show smaller 

mean ÷ΔГçand ÷ΔFçvalues. This can be demonstrated by 
comparing their mean ÷ΔГçand ÷ΔFç. Meanwhile, ÷ΔГçand 
÷ΔFçof MoM are the smallest for air, namely 0.0042 and 0.0052 
rad. 

Table 1. Percentage of errors in MoM and quasi-static method with 
respect to measured data ÷ΔГçand ÷ΔFç. 

 

 

 

 

 

 

 

 

Table 2. Comparison MOM with vector network  
analyzer for 2 GHz frequency. 

 VNA MoM Different 
 Magnitude Phase Magnitude Phase Magnitude Phase 
Air 0.9829 -32.57 0.9582 -29.81 0.0247 2.76 
Water 0.8841 -116.25 0.9143 -115.30 0.0302 0.95 

Ethanol 0.849 -42.52 0.8493 -45.32 0.0002 2.80 
Propanol 0.8939 -35.70 0.8890 -35.59 0.0049 0.11 
Methanol 0.7403 -82.40 0.7701 -85.54 0.0298 3.14 

Moreover, the smaller value of e' for m.c. less than 35% was 
due to the lower relaxation frequency of water at all 
frequencies. Fewer water molecules in the sample (low 
moisture content) cause the water molecules to be bound and 
absorbed on the mesocarp surface. Therefore, their mobility is 
restricted, so the relaxation frequency is lower than that of free 
water. Due to the low relaxation frequency, polarization may 
not fully develop for moisture content less than 35%. When the 
m.c. is higher than 35%, no more water molecules can be 
adsorbed, and it will become free water (Cheng et al., 2012). 
The relaxation frequency may become relatively higher than 
the operating frequency. Hence, the dielectric constant 
increases when the moisture content increases. Similarly, the 
loss factor, e" is small for moisture content less than 35%. As 
mentioned previously, the relaxation frequency is low when  
 

Materials |f Measure-|f MOM |f Measure-|f Quasi 
Air 0.0052 0.0058 
Water 0.0492 0.0948 
Propanol 0.0260 0.0512 
Ethanol 0.0345 0.0580 
Methanol  0.0474 0.0937 

Materials |Γ Measure-|Γ MOM |Γ Measure-|Γ Quasi 
Air 0.0042 0.0119 
Water 0.0072 0.0130 
Propanol 0.0280 0.0175 
Ethanol 0.0180 0.0224 
Methanol  0.0373 0.0703 
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the moisture content is less than 35%. e" is directly 
proportional to the frequency. As frequency increases, water 
molecules bend and rotate periodically, and friction between 
them increases. 

The loss per cycle is directly proportional to frequency. 
Meanwhile, friction is directly proportional to the speed of 
movement (relaxation frequency) in a viscous fluid as in 
mesocarp because the water molecules are very close to their 
neighbors. For the case in which the relatively low relaxation 
frequency is compared with the operating frequency (1–5 
GHz), the loss factor seems linear when moisture content is 
less than 35%. When the moisture contents exceeds 35%, the 
relaxation frequency increases. The orientation of water 
molecules still occurs; however, it is also slowed down by 
friction and causes energy loss during friction. Thus, the loss 
factor increases when the moisture contents exceeds 35%. To 
improve the accuracy of the mixture model, calculation of the 
correct shapes and fields at the particle level in the corn 
sample is required. Thus, the accuracy of the coaxial sensor 
can only be determined by comparing the predicted moisture 
content with the accurate moisture content determined by the 
oven-drying method. 

Conclusion 

In this work, the Method of Moments technique has been used 
to solve the wave equation in the two dimensions of the open-
ended coaxial sensor to determine the reflection coefficient of 
air. The results were closely aligned with measured data found 
using a vector network analyzer. The conclusions based on the 
measured results are briefly summarized as follows: 

• With the MoM, the designer can test several probe 
configurations without building them. From the MoM 
results, the microwave characteristics of the coaxial 
probe can be predicted. 

• The coaxial sensor is sufficient to determine fruit 
quality based on the measured phase of the 
reflection coefficient f alone for medium-sized fruit 
at low frequencies (< 5 GHz). 

• MoM is a method with high accuracy and helps 
calculate the coaxial sensor's reflection coefficient. 

• Compare Finite Element Simulation (FEM) results 
with other numerical techniques, such as the Method  
 

of Moments (MoM) and Finite-Difference Time-
Domain (FDTD). The reason is to determine which 
numerical techniques are high-speed, economical 
and provide accurate simulation results. 

• Construct a portable online microwave 
measurement system to replace the VNA for in-situ 
measurements. The manufacturer is only interested 
in low-cost instruments and convenient instrument 
systems for plantation usage in the industry. 

• Investigate in detail (microscopically) other 
composition properties, such as the dielectric 
properties and the distribution of water in the 
mesocarp. This study can additionally be extended to 
microwave techniques. 
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