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Abstract: Dielectric parameters (i.e. permittivity) are fundamental to the simulation, design, modeling, and developing
of microwave applications. For targeted objects, the complex permittivity is an essential parameter that affects its
characteristics of scattering and microwave radiation. Thus, in microwave remote sensing applications, the knowledge
of the dielectric property of vegetable materials is used not only to detect planting areas for monitoring and to able
to specify the growth stage of them in seasonal variations, but also to determine the water requirement of the plant
for controlling (water stress). This paper focuses on determining the dielectric parameters of orange and lemon leaves,
grown in the Mediterranean coasts of Turkey, depending on the moisture content (MC) and frequency by measuring the
samples (leaves) with waveguide transmission line technique in the larger part of the C band frequency range (4.90–7.05
GHz) (compatible with WR159) in order to propose a novel model based on curve fitting method for estimating the
real part of dielectric constant (ϵ′ ) and the imaginary part of dielectric constant (ϵ′′ ). Using dielectric measurement
results of orange leaves, our model based on frequency and MC is compared with the dielectric measurement results of
the lemon leaves, which is in the same family with orange species, to specify the accuracy of the proposed model. The
determination coefficient, R2 , and mean square root of errors values are also obtained as 0.966 and 0.824, respectively.
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1. Introduction
The complex dielectric constant, an essential property of materials, determines the interaction and behavior of
the material with electromagnetic (EM) waves. The dielectric characteristics of the material directly affect the
storage and heat conversion rates of applied EM waves into the material. With the development of microwave
technology, microwave remote sensing (RS) and microwave heating/drying applications have become widespread.
However, for effective use of these technologies, the dielectric parameters of the material should be firstly
determined. In lossy mediums, the complex dielectric constant (ϵ∗ ) is complex, while the real part (ϵ′ ) shows
how much energy is stored in the material, while the imaginary part (ϵ′′ ) affects propagation speed, attenuation
and transmission parameters [1]. In general, the complex dielectric constant for a homogeneous, isotropic, and
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lossy medium is defined as follows.

ϵ∗ = ϵ0 [ϵ′r − j
σ

ωϵ0
], (1)

where ϵ0 is the dielectric constant of the free-space, σ is the conductivity, ω is the angular frequency, and ϵ′r

is the real part of the relative complex dielectric constant.

ϵ′ = ϵ0ϵ
′
r, (2)

ϵ′′ =
σ

ω
. (3)

Here the loss tangent of the material is expressed as in Eq. (4) since it is equal to the ratio ϵ′′/ϵ′ . It is seen
that the power loss in the material depends on the frequency and the dielectric constant.

tanδ =
σ

ωϵ′rϵ0
. (4)

Currently, the dielectric measurements of plant materials (leaves, branches, fruits etc.) are used in
microwave applications such as heating, drying, and RS. This is the motivation of this study for measuring
and determining dielectric parameters in plants. The EM waves to the plant cluster penetrate the leaves,
stem, branches, and fruit surfaces and perform the behaviors such as reflection, refraction, absorption, and
scattering on the plant surface. The predominant factor in these behaviors originates from the leaves [2, 3].
RS applications can be performed by a variety of methods in the microwave. However, microwave techniques
have some advantages over other methods. These advantages are the penetration of microwaves into vegetation
and soil, being sensitive to water content in soil and plants, and spreading in cloudy weather and at night.
Moreover, RS applications are widely used for vegetation monitoring and various military purposes. There are
several studies on the effects of plant leaves and stems on RS and EM scattering models [4, 5]. According to
these studies, dielectric parameters in the plant depend largely on the moisture content (MC) of the plant.
Thus, the needs of plants and soil to water can be determined to make irrigation processes efficient. In this way,
irrigation applications of plants with microwave applications can be done effectively by the remote control [6].
In addition, the ripening status and quality of the fruit can also be determined by the dielectric measurement
of the plant [7, 8].

Unlike the aforementioned applications, dielectric parameters of plants are also used to determine the
absorption properties of materials. Nowadays, the most absorbing materials are polymer-based and their absorp-
tion properties decrease with time. These polymer-based materials also pose certain risks to the environment
and health. To minimize these risks, various plants can be utilized as absorbing material. Dielectric character-
istics of absorbing fibrous plants such as bananas are obtained. According to [9–11], the banana leaves can be
used as an absorber material since it contains 43.5% of carbon.

In microwave heating/drying processes, the EM energy that penetrates the plant tissue is absorbed to a
certain extent and converted into heat. The amount of power emitted per volume in the material is given in
Eq. (5) [12].

P = E2σ = 55.63 · 10−12 · f · E2 · ϵ′′, (5)
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where P is the absorbed power in the material and E is the electrical field. Accordingly, the power absorbed in
the material is directly dependent on the dielectric constant of the material. It is stated that both energy and
time savings are obtained compared to traditional methods [13, 14]. There are many techniques to have the
dielectric properties of plants. While the parallel plate and lumped elements methods are used in the frequency
band below 100 MHz, transmission line, coaxial probe, cavity resonator, waveguide, and free-space measurement
techniques are used in the upper frequency region [15–17]. It is significant to measure dielectric parameters at
certain frequencies depending on the water content of the plants. Dielectric measurements can be made both
before and after the plant leaves are removed from the branch [18]. Moreover, there are dielectric measurements
of the leaf completely in powder form.

According to the data of Food and Agriculture Organization in 2018, Turkey ranks 7th and 2nd in the
world production of oranges and lemons, respectively. Oranges and lemons are densely grown in the southern
coast of Turkey in the Mediterranean. The MC of the leaves in orange and lemon plants is one of the most
important parameters in determining the storage conditions, usage areas, and processing of these plants. Main
motivation in this study is to determine the dielectric parameters required for microwave technologies that
increase yield and quality in orange and lemon production.

In this study, the dielectric characteristics of the orange and lemon leaves from the same family (Rutaceae)
are obtained depending on the MC and frequency at 24 ºC. A new model is proposed based on curve fitting
method using measured S11 and S21 of orange leaves. Then, the accuracy of the model is tested with
measurements data of the lemon leaves. For the measurements, waveguide transmission line (WTL) method is
utilized with WR159 waveguide in the frequency band of 4.90–7.05 GHz. This paper is organized as follows:
in Section 2, measurement test set-up is given. Section 3 presents the measurement results and the proposed
model, and Section 4 evaluates the results.

2. The process of the dielectric measurement

For the measurements, WR159 (4.90–7.05 GHz) waveguide, RF coaxial cable, two flanges, and Anritsu MS4624B
(10 MHz to 9 GHz) vector network analyzer are used with the WTL method. The sample (leaves) is placed
between the flanges and made ready for measurement. It is important for the accuracy of the dielectric
measurement to prevent bending and breakage of samples during drying process. Therefore, in order to eliminate
this negative effect, transparent plastic glasses (plexiglass) compatible with flange sizes are used on both sides
of the leaf. On the plastic glass, 8 × 4 numbers of 1-mm holes are drilled by computer numerical control (CNC)
milling machine in order to ensure homogeneous drying of the leaves. The samples are soaked in distilled water
for 48 h prior to measurement and saturated with water. During this time, their weights are measured every
12 h. The change in weight measurements at the end of 48th h is found to be ± 0.3%. The measurements last
approximately 3 days per leaf, unless the 48 h period in water is taken into account.

Before the measurement, the water-saturated leaves are cut with a scalpel for the WR159 waveguide
size. S11 and S21 parameters are measured and their weights are obtained with a precision balance with µgr
sensitivity after each measurement step. The water-saturated leaves are dried step by step in a microwave oven.
The drying and measuring steps continued until the leaves are completely dry. After the final drying step, the
samples are kept in this oven for 24 h while the temperature in the oven is 70 ºC. The last weight changes of
the leaves did not change after the final drying step. Therefore, it is determined that the water in the leaf is
completely evaporated. Then, the weight and S-parameters of the completely dried samples are obtained and
the measurement process is completed. The temperature of the room where the samples are measured is 24 ºC.
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Figure 1 demonstrates the measurement environment. Figure 1a shows the ready-to-measure system with
waveguides. Figures 1b and 1c show hollow flanges and the plexiglass for WR159, respectively. Figures 1d and
1e show the waveguide-coaxial adapter and plastic glass-filled flanges, respectively.

Figure 1. a. Test and measurement set-up, b. Hollow flanges, c. Plexiglass for WR159, d. Waveguide-coaxial adapter,
e. Plastic glass-filled flanges.

Figure 2 gives the necessary steps to prepare the orange and lemon leaves for measurement. Figure
2a shows the fresh orange leaves that are kept in the water for 48 h. This leave is cut in accordance with
the corresponding waveguide dimensions shown in Figure 2b. While the orange leaf with plexiglass is shown
in Figure 2c, after the last drying step, a fully dried leaf is left in the oven at 70 ºC for 24 h in Figure 2d.
Moreover, Figure 2e gives the fresh lemon leaf. The sample is given with and without flange in Figures 2f and
2g, respectively. In each drying step, the leaves are weighed with a microscale with a sensitivity of µgr in Figure
2h to calculate the MC of the leaf.

As mentioned earlier, the drying of the samples is carried out step by step. Tables 1 and 2 show the MC
calculated during the drying stages of orange and lemon samples for WR159. The weight of the fresh orange
and lemon leaves is 287 mg and 232 mg before drying process. At each step of the drying, the weight of the
sample decreased and remained constant at 113 mg and 85 mg, respectively. These weights are obtained by
keeping the sample in the oven at 70 ºC for 24 h and are completely dried. In the literature, different methods
and temperature values are used to determine the moisture content of vegetative materials. In the literature,
different methods and temperature values are used to determine the moisture content of vegetative materials.
In this study, the drying temperature and duration is determined as 70 ºC and 20 s, respectively because thin
and easily dried leaves are selected as samples [6, 18]. Due to this weight reduction, the moisture amount and
the MC also decreased. The MC of the fresh leaf before drying is 100%, while the MC of the fully dried sample
is calculated as 0% according to the formula given in Eq. (6).

The MC of the fresh leaf is assumed to be 100% and the MC is determined using the following statement
with the dry leaf [19]:

WaC = mfresh −mdry. (6)
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Figure 2. Preparation of orange and lemon leaves for the measurement.

Table 1. The change of MC of orange leaves.

Total weight (mg) Dried weight (mg) Moisture amount (mg) Moisture content (%)
287 113 174 100
177 113 64 36.78
134 113 21 12.07
130 113 17 9.77
121 113 8 4.60
113 113 0 0

Using Eq. (6), the relative MC of the leaves (Mr ) can be determined using Eq. (7).

Mr =
mmeasure −mdry

WaC
.100 (7)

where mmeasure is the measured weight of the sample.
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Table 2. The change of MC of lemon leaves.

Total weight (mg) Dried weight (mg) Moisture amount (mg) Moisture content (%)
232 85 147 100
122 85 37 25.17
108 85 23 15.65
101 85 16 10.88
90 85 5 3.40
85 85 0 0

The real part of dielectric constant (ϵ′ ) and the imaginary part of dielectric constant (ϵ′′ ) should be
calculated from the measured S-parameters to understand the effect of MC on the dielectric constant. The
most widely used method in the literature is the Nicolson-Ross-Weir (NRW) algorithm [20]. In this paper,
dielectric parameters of leaves are calculated using the NRW algorithm. According to this algorithm, the
samples should have a certain thickness and measurement and as the accuracy of measurement errors increases
with increasing frequency. The dielectric constant is calculated as a complex number using the NRW algorithm
using Eq. (8-14) [21].

S11 =
Γ(1− T 2)

(1− Γ2T 2)
, (8)

S21 =
T (1− Γ2)

(1− Γ2T 2)
, (9)

X =
S2
11 − S2

21 + 1

2S11
, (10)

Γ = X ±
√

X2 − 1, (11)

T =
S11 + S21 − Γ

1− (S11S21)Γ
, (12)

1

Λ2
= −

[
1

2πL
In(

1

T
)

]2
, (13)

ϵ∗ =
λ0

µr

(
1

λ2
c

−
[

1

2πL
In(

1

T
)

]2)
, (14)

where Γ is the reflection coefficient, T is the transmission coefficient and L is the thickness of the sample.
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2.1. Removing errors in the measurement set-up

Common methods for eliminating systematic errors in the measuring set-up are deembedding method and thru
reflect line (TRL) method. The method uses mathematical expressions to eliminate the errors of the model used
in the test. This method is preferred in noncoaxial devices where calibration techniques are not necessary and
utilizes the S-parameters [22]. Therefore, this method can only be applied with testing the errors in the model.
Since the plexiglass used in dielectric measurements behave like equipment under test (EUT), the S-parameters
of that should be determined. Therefore, the effects of both flange and these plexiglass on the dielectric
measurement should be eliminated. In addition to the deembedding method, the TRL method is a widely used
and accurate method [23]. This technique is also known as a reference method that can demonstrate accuracy
in measurement methods. Thus, the causes of errors that may directly affect the accuracy of this method
should be considered. Negligible error rates at low frequencies further affect measurement accuracy at higher
frequencies. Teflon material is widely used as a sample because of its easy accessibility and low cost to ensure
that the measurement accuracy is sufficient. The ϵ′ and ϵ′′ values of the material having a thickness of 2.5 mm
are almost constant versus the frequency and measured as 2 and 0, respectively.

3. Results and proposed model

As mentioned earlier, ϵ′ (the real part of dielectric constant) and ϵ′′ (the imaginary part of dielectric constant)
parameters of orange and lemon samples are measured for each MC depending on the frequency at 24 ºC room
temperature. Dielectric parameters are calculated using measured S11 and S21 parameters by NRW algorithm.
The number of measurement steps for this frequency band is approximately 2.7 MHz and measurements are
performed at 801 different frequency points. Figure 3 shows the measured ϵ′ values for orange leaves. It is
shown that the value of ϵ′ decreases with increasing frequency, while the value of ϵ′ increases with increasing
MC. Figure 3 shows that at 6 GHz, MC is 100%, 12%, 0%, and ϵ′ is 15.14, 10.44, and 6.43, respectively. It is
seen in Figure 4 that these similar changes are valid for ϵ′′ values. According to Figure 4, MC is 100%, 12.1%,

0%, while the value of ϵ′′ is 15.52, 11.22, and 8.20 at 6 GHz.

Figure 3. Measured relative dielectric constant for orange leaves in 4.90–7.05 GHz.
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Figure 4. Measured dielectric loss for orange leaves in 4.90–7.05 GHz.

Figure 5 shows the variation of lemon leaves ϵ′ values with frequency and MC. It is seen that ϵ′ decreases
with frequency increase and MC decrease. At 6 GHz, MC is 100%, 15.6%, 0%, and ϵ′ is 16.87, 11.48, and
7.94, respectively. Similar changes can be seen in Figure 6 for ϵ′′. At 6 GHz, MC is 100%, 15.6%, 0%, while
the value of ϵ′′ is 15.29, 10.30, and 3.33. According to these results, these values decreased on the vertical axis
due to MC. In the literature, ϵ′ and ϵ′′ values of pure water vary between 74 and 70 and 25 and 18 for the
4.90–7.05 GHz band, respectively [5]. For the results obtained in this study, the ϵ′ and ϵ′′ values of the fresh
leaf are much higher than those of the dry leaf, which is expected due to MC.

Figure 5. Measured relative dielectric constant for lemon leaves in 4.90–7.05 GHz.

The proposed model is obtained by curve fitting method using the data obtained from the measurement
results of the orange leaves. This model is compared with the dielectric measurement results of lemon leaves
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Figure 6. Measured dielectric loss for lemon leaves in 4.90–7.05 GHz.

which belong to the same family with orange type to determine the accuracy of the proposed model which is
tested. This gives an idea about having similar dielectric characteristics of the different species in the same
family. The model aims to calculate the magnitude of complex dielectric constant (the dielectric constant)
depending on the frequency and MC. In Eq. 16 contains a second-order function with two variables.

ϵ =
√
(ϵ′)2 + (ϵ′′)2, (15)

ϵ(f,m) = a+ b.f−c + d.me + g.f−c.me, (16)

where ϵ is the dielectric constant, f is the frequency in GHz, and m represents MC ranging from 0 to 100.
The dielectric constant in Eq. 15 is preferred in the model since it contains both the real and the imaginary
part of the complex dielectric permittivity of the material. In this way, instead of two different models, only
one model is proposed. The coefficients of the model obtained for WR159 waveguide for orange leaf are a =
86.9, b = –20.75, c = 36.5, d = 1.361, e = –2.426, g = –11.62. In order to create this model, 6 different MC
values calculated in the drying steps of orange leaf are used as data in Table 1. Another orange leaf with 29
% MC is selected as the test sample in order to test the accuracy of the model. The m value in Eq. 16 is
determined as 29 so that the MC value in the model is the same as the measurement. In Figure 7, the measured
dielectric constant of the orange leaf which is selected for the test is compared with the model. The results
comply well with each other. The determination coefficient, R2 , and RMSE values are calculated with respect
to the frequency and MC values by MATLAB® program to specify the performance of the model. Accordingly,
R2 and RMSE values of the model are obtained as 0.966 and 0.824, respectively.

The usability of the model is tested by using the measurement data of orange leaf for lemon leaf. Here
the results of the proposed model having the same MC (m = 24) are compared with a lemon leaf having an
MC value of 24%. It is seen in Figure 8 that there is an agreement between the results. The model derived from
the leaves of a plant of the same family is also valid for another species of the same family. Even if the genus
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Figure 7. Comparison of the measured dielectric constant and proposed model for orange leaves.

and subfamilies of oranges and lemons are different, they both belong to the family Rutaceace and dicotyledons
(Magnoliopsida) class. Therefore, the model obtained with the measurement data of the orange leaf is compared
with the lemon leaf measurement results.

Figure 8. Testing the proposed model on lemon leaves.

4. Conclusion
In microwave remote sensing applications, the knowledge of the dielectric properties of the vegetative materials
is used to detect planting areas for monitoring, to able to specify the growth stage of them in seasonal
variations, also to determine the water requirement of the plant for controlling (water stress). For the dielectric
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measurements, there are some techniques such as microstrip transmission line (MTL), free-space transmission
(FST), open-ended probe (OEP), coaxial transmission line (CTL), and WTL. MTL is suitable for applications
other than agricultural and food products. FST method requires samples of very large dimensions for the S and
C bands. The OEP method allows measuring only the reflection coefficient parameter. Since tiny sample sizes
are used in the CTL method, it is not always possible to ensure sample homogeneity for accurate measurement.
For these reasons, the WTL method is preferred in this study.

This study had two aims. Firstly, it obtained measurement results regarding the relative dielectric
constant and dielectric loss of vegetation material, particularly for orange and lemon, as a function of MC of
the material of the microwave frequency over the 4.90–7.05 GHz band. Secondly, as there are more than one
species in some plant families, determining dielectric measurements of each species is not only costly, it also
takes time. Thus, through this study, a new model derived from the dielectric parameters of a vegetable leaves
can predict the dielectric characteristics of other vegetable species in the same family. In this way, only one
model can be used for more than one vegetable species, providing time and cost advantages.
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