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Abstract 

This study investigates the material properties (permittivity, dissipation factor, and conductivity) of mango leaves (Mangifera indica) over the 
26–40 GHz Ka-band frequency based on a waveguide measurement system with a vector network analyzer instrument to capture the data. The 
data analysis employs the Nicolson-Ross-Weir method to extract material properties. The result reveals that the real part of permittivity decreases 
from about 11.0 to 5.0 with increasing frequency. Meanwhile, the imaginary part of permittivity remains low and stable, suggesting minimal 
absorption losses. The dissipation factor is consistently below 0.05 along the band. Effective conductivity ranges from 0.2 to 0.6 S/m, with a 
slight increase at higher frequencies. These findings suggest that at Ka‐band frequency, signal degradation through mango foliage is primarily 
driven by dispersion and scattering rather than strong dielectric absorption. The results provide essential information for improving foliage 
attenuation models and designing 5G and 6G communication systems in tropical regions. This study provides a reliable Ka-band dielectric 
dataset for mango leaves that improves the accuracy of tropical foliage-attenuation models and supports more robust 5G/6G link design and 
deployment in vegetation-dense environments. 
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1. Introduction  

The advantages of future fifth-generation (5G) and sixth-

generation (6G) wireless communication networks include the 

millimeter-wave (mmWave) spectrum (30–300 Gigahertz 

[GHz]), which offers the possibility of ultra-reliable high-speed 

data transmission due to its capacity to accommodate large 

bandwidths [1-4].  Meanwhile, in terms of market penetration, 

the majority of 5G technologies still utilize mid-band 

frequencies (1–6 GHz) for deployment, although high-band 

frequencies have been implemented; only a small number of 

countries have done so, such as Japan, the United States of 

America, Europe, China, South Korea, India, Australia, and 

parts of Southeast Asia [5]. This indicates that the potential of 

millimeter waves is still important to explore, especially for 

their worldwide deployment. 

Unfortunately, the use of millimeter wave frequencies 

brings new challenges that need to be addressed, namely the 

significant attenuation loss due to the higher frequency used 

[6,7]. In addition, challenges are also faced when implemented 

in tropical countries with heterogeneous vegetation 

characteristics, elevated humidity, and dense tropical forests, 

which can result in greater signal loss [8, 9]. One of the keys to 

a deeper understanding of the issue of propagation loss due to 

vegetation is to know the characteristics of vegetation in 

interacting with electromagnetic signals, as this phenomenon is 

closely related to signal attenuation and scattering losses. 

In tropical regions, dense vegetation elements such as 

leaves, stems, bark, and soil litter layers store a lot of water and 

have a complex structure leading to signal dispersion, 

absorption, and repeated reflections, which can reduce 

communication performance and result in unpredictable 

propagation losses [10].  Furthermore, because of their high 

moisture content and heterogeneous structure, tropical 

vegetation dielectric responses are extremely frequency-

dependent and susceptible to seasonal or even daily 

fluctuations [11]. Without understanding the characteristics of 

vegetation material, modeling and simulation of the mmWave 

propagation aspect in these situations are unreliable. 

Knowing the characteristic properties of natural materials is 

not only useful for wireless telecommunications applications 
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but can also be utilized for applications in other fields. 

Moreover, natural materials have advantages over man-made 

materials in terms of environmental friendliness, availability, 

and safety. Therefore, research on the characterization of 

natural materials is widely conducted, such as for the material 

absorbers [12,13], insecticide [14], remote sensing [15,16], and 

agriculture. 

Material characteristics can be described by several main 

parameters, such as dielectric constant [17], permittivity [18], 

permeability [19], and conductivity [20]. These parameters are 

frequency-dependent and vary with factors such as water 

content, leaf thickness, and structural composition. Relative 

electrical permittivity denotes a material's capacity, in the 

context of food, to absorb and retain energy when subjected to 

an electric field.  This characteristic affects wave reflection at 

boundaries and wave attenuation within the materials. Material 

permeability is how a material can interact with a magnetic 

field inside. For natural material without any intervention 

process, it is effectively non-magnetic throughout the entire 

frequency band. The relation among these parameters can be 

urgently needed for any application related to electromagnetic 

wave interaction with material. 

Mango (Mangifera indica) is one of the popular tropical 

vegetations, especially in Southeast Asia, not only as a popular 

horticultural commodity but also as a critical nutrition source, 

supplying carotenoids, vitamin C, and dietary fiber that bolster 

food and nutrition [21]. Because of their important uses, 

mangoes are extensively studied to reveal their characteristic 

values, not only physically and morphologically, but also 

electrically. This is important for the development of new 

methodologies for characterization, quality evaluation, and 

monitoring of food processing using non-destructive 

techniques [22]. 

Mango canopies exhibit electromagnetic behavior 

dominated by high tissue water content and ionic conduction, 

yielding a complex permittivity form ε(ω)=ε′(ω)−jε″(ω) with 

μr≈1 for non-magnetic plant matter [23]. Tropical phenological 

cycles—floral induction during the dry season and growth in 

the wet season—regulate leaf water status and ion composition, 

resulting in quantifiable diurnal and seasonal fluctuations in 

permittivity that influence foliage attenuation, depolarization, 

and backscatter pertinent to remote sensing and terrestrial 

connections.  At the canopy level, leaf orientation, lamina 

thickness, vein anisotropy, and fruit clustering contribute to 

multiple scattering and polarization sensitivity, while cuticle 

roughness modifies the specular and diffuse components of 

reflection and transmission [24]. Consequently, rigorous 

electromagnetic (EM) characterization of mango is essential for 

propagation models, path loss attenuation, link reliability, and 

sensor performance in mango-dominated tropical landscapes. 

Most existing studies on vegetation dielectric properties 

extraction have focused on microwave frequencies below 20 

GHz, with only a limited number of works extending into the 

Ka-band and higher millimeter-wave ranges [25-27]. Previous 

investigations have typically examined temperate-region 

vegetation or relied on bulk, free-space, or coaxial 

measurement setups, resulting in a lack of high-accuracy 

waveguide-based characterization data for tropical leaves at 

Ka-band frequency. 

This lack of Ka-band dielectric data for tropical vegetation 

represents a significant knowledge gap, especially given the 

increasing use of millimeter-wave frequencies in 5G and 

emerging 6G systems. The present study addresses this gap by 

providing one of the first waveguide-based measurements of 

complex permittivity, loss factor, and conductivity for tropical 

mango leaves across the Ka-band, thereby contributing new 

and relevant insights into vegetation–wave interactions in 

tropical environments. 

This study aims to characterize the dielectric behavior of 

tropical mango leaves (Mangifera indica) using a waveguide-

based measurement technique to obtain complex permittivity, 

relative dielectric constant, loss factor, and conductivity in the 

Ka-band—an area that has not been extensively explored at 

millimeter-wave frequencies. Although the dielectric response 

of biological tissues can be influenced by moisture content, 

cellular structure, and, to a lesser extent, chemical composition, 

the dominant mechanism at Ka-band arises from water-related 

relaxation rather than specific phytochemical constituents. 

Therefore, the focus of this work is to provide representative 

dielectric characterization rather than detailed chemical 

profiling. To minimize sample heterogeneity, leaf specimens 

were randomly selected from the same species and growth 

stage, and their moisture content was determined using the 

gravimetric wet–dry method prior to measurement, ensuring 

consistency and reducing biological variability. In addition, this 

research also presents the investigation of leaf sample thickness 

and its impact on the extracted dielectric parameters, an aspect 

rarely discussed in existing millimeter-wave vegetation studies. 

2. Material and Methods 

2.1. Mango leaves sample preparation  

In this work, samples from mango leaves were used as 

samples under test (SUT). The sample was acquired from the 

local Indonesian mango tree, which has grown for ten years.  

The fresh mango leaves were collected directly from the trees. 

The selection of leaves on the tree is based on random sampling 

with consideration for not choosing damaged surfaces and 

young leaves. However, the sample is chosen for similar 

morphological structure, which is shown in Fig. 1. Then the 

leaves are washed to remove any dirt adhering to them. In this 

research, samples were required to be in flat sheet condition for 

the measurements in the waveguide. Therefore, each leaf was 

treated by a pressing technique using simple heavy book 

pressing for 1-3 days to flatten the sample. 

 

  

Fig. 1. Sample under test (SUT): mango leaves 
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The mango leaves were physically characterized in terms of 

thickness, width, and the length of the leaf.  A leaf has a 

structure consisting of a tip, midrib, margin, vein, blade or 

lamina, and petiole. For instance, five leaves as depicted in Fig. 

1 have been measured. The measurement results for the 

thickness, width, and length of the leaves are shown in Table 1. 

Table 1. Physical characterization of the samples 

Leaves Thickness (mm) Width (mm) Length (mm) 

1 0.45 56.17 215.81 

2 0.42 54.46 222.88 

3 0.40 47.88 183.70 

4 0.48 53.58 195.25 

5 0.41 55.72 213.43 

The measurement was carried out using a caliper. The 

averages of the thickness, width, and length of the samples are 

0.432±0.029 mm, 53.564±2.981 mm, and 206.214±14.484 

mm, respectively. The most important parameter here is the leaf 

thickness due to its relation to permittivity material. Note that 

in a mango tree, the leaves naturally have varying thicknesses 

between young and old leaves. These thickness differences will 

naturally affect the calculation of material characteristics. 

Moisture content (MC) plays a fundamental role in 

determining the dielectric behavior of plant tissues, particularly 

within the microwave and millimeter-wave frequency ranges 

relevant to this study. In this study, the moisture content of each 

leaf sample was quantified using the standard gravimetric 

method, which compares the mass of fresh leaves with their 

mass after drying to calculate the moisture content of the 

sample used in the experiment. The moisture content was 

calculated as the relative difference between the fresh and dry 

weights, providing an accurate estimation of the water fraction 

within each sample. This information is essential for 

interpreting the observed variations in permittivity across 

different plant materials, as water content strongly influences 

polarization mechanisms and dielectric dispersion at high 

frequencies. The standard formula for moisture content is as 

follows: 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑀𝐶) =
𝑊𝑓𝑟𝑒𝑠ℎ−𝑊𝑑𝑟𝑦

𝑊𝑓𝑟𝑒𝑠ℎ
× 100%  (1) 

(a) (b) 

Fig. 2. Measuring of leaf samples; (a) Fresh leaf, (b) Dry leaf 

To determine the moisture content (MC) of the sample used as 

the test specimen (sampel under test—SUT), the MC was 

calculated using Eq. (1).  

This procedure employs an average approach based on 

randomly selected mango leaf samples consisting of five fresh 

mango leaves and five oven-dried mango leaves. All samples 

were weighed using an OPTIMA SCALE OPD-E digital 

balance, and the measurements were then averaged. The mean 

weights of the fresh and dried mango leaf samples were 

subsequently used to compute the MC of the sample employed 

in the experiment. Fig. 2 depicted the measurement setup for 

each sample, and Table 2 presents the measured weights of 

each leaf sample. 

 

Table 2. The measured weights result of each leaf samples 

 
Leaves Fresh Leaves (g)* Dry Leaves (g) 

1 2.1583 1.0729 

2 2.2038 0.7819 

3 2.2905 0.7494 

4 1.9780 1.3072 

5 2.3630 1.2470 

* Note: The different fresh leaves used in the measurement 

 

The calculated average fresh leaves is 2.1987±0.0655 (g), and 

the calculated average dry leaves is 1.0317±0.1154 (g). Using 

Eq. (1), the moisture content of the SUT is 53.06%±5.44%.  

2.2. Measurement methods and procedures 

A Vector Network Analyzer—VNA (Anritsu MS46322A) 

has been used to measure the SUT S-parameter (S11, S12, S21, 

and S22) using the Ka-Band rectangular waveguide, size 28 

(WR-28), based on two-port network measurement. Two pairs 

of coax-to-waveguide adapters, WR-28 Ka Band (26.5─40 

GHz) from UIY Inc., are used for guided signal transmission. 

A calibration based on a coaxial Thru–Reflect–Line (TRL) 

calibration kit (open, load, through) was performed for the 

entire frequency band before the measurement was performed. 

Due to the limited resources, the calibration was only 

performed for the coaxial input port 1 and output port 2 of the 

VNA. Meanwhile in the measurement, the fixture (waveguide 

adaptor and sample holder) was used. This variables will 

influence the scattering parameter (S-parameter) result that 

needs to be further compensated in data analysis to eliminate 

the contribution from the fixture. Fig. 3 shows the setup 

measurement in this work. 

Fig. 3. Setup measurement for this study. 

 

In a waveguide-based VNA measurement system, after 

calibration is performed on port 1 and port 2 of the VNA over 

a frequency bandwidth of 26-40 GHz, two fixtures are then 

connected to each VNA port. The mango leaf samples were cut 
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to the dimensions of the WR-28 waveguide, 7.112 mm x 3.556 

mm, and then placed tightly between two fixtures. The 

selection of mango leaf samples for this cutting process has no 

special requirement, just choosing leaves in good condition. In 

this setup, the dominant mode is TE10 with a cutoff frequency 

of 21.077 GHz. After completing the preparation setup, S-

parameter data from the sample under test is recorded for 

analysis to extract material characteristics. 

2.3. Data extraction analysis 

Material characteristics extraction is a process to determine 

several material parameters, such as complex permittivity, 

dielectric constant, dielectric loss, and conductivity of the SUT 

from the measured S-parameters data. For this purpose, the 

Nicolson-Ross-Weir (NRW) Method was used. The NRW 

method is one of the popular ways to extract the permittivity 

and permeability of a material. The NRW method is suitable 

for the waveguide-based measurement system using VNA, 

such as in this study. 

The NRW method analyzes the measured S-parameter, 

especially S11 (reflection coefficient at port 1) and S21 

(transmission coefficient at port 2) from the SUT, to determine 

a material's complex permittivity (ε), permeability (), and 

conductivity () through a two-port network system.  The 

process of extracting the complex permittivity (ε) from 

measured S-parameters involves several detailed steps to 

ensure accurate characterization of the SUT, especially in 

waveguide measurement systems. First, the measured S-

parameters (S₁₁ and S₂₁) are obtained using a vector network 

analyzer (VNA), representing the reflection and transmission 

responses of the system with the sample inserted. 

This raw data proceeds to eliminate the influence of the 

fixtures (waveguide adapter and holders) that are not part of the 

sample using the de-embedding method. This method isolates 

the sample’s intrinsic response by mathematically subtracting 

or compensating for the effects of the measurement setup. In 

this study, a simplified S-parameter correction de-embedding 

method was applied to compensate for the presence of the 

empty sample holder (fixture). The corrected reflection and 

transmission coefficients were computed using: 

 

𝑆11𝑐𝑜𝑟𝑟 =
𝑆11𝑚𝑒𝑎𝑠−𝑆11𝑓𝑖𝑥𝑡𝑢𝑟𝑒

1−𝑆11𝑚𝑒𝑎𝑠∗𝑆11𝑓𝑖𝑥𝑡𝑢𝑟𝑒
 (2) 

𝑆21𝑐𝑜𝑟𝑟 =
𝑆21𝑚𝑒𝑎𝑠

𝑆21𝑓𝑖𝑥𝑡𝑢𝑟𝑒
 (3) 

where 𝑆11𝑐𝑜𝑟𝑟, 𝑆11𝑚𝑒𝑎𝑠, and  𝑆11𝑓𝑖𝑥𝑡𝑢𝑟𝑒 are the corrected 

reflection coefficient, the measured reflection coefficient of the 

SUT, and the measured reflection coefficient without the SUT 

attached, respectively. 𝑆21𝑐𝑜𝑟𝑟 , 𝑆21𝑚𝑒𝑎𝑠, and 𝑆21𝑓𝑖𝑥𝑡𝑢𝑟𝑒  are the 

corrected transmission coefficient, the transmission coefficient 

of the SUT, and the transmission coefficient without the SUT 

attached, respectively. 

 The NWR method to extract material permittivity has 

several calculation steps [28-31]. The reflection coefficient (Γ) 

and transmission coefficient (T) should be derived from the 

measured S-parameter of the SUT through the intermediate 

variable complex number D as follows: 

𝐷 =
𝑆11𝑐𝑜𝑟𝑟

2 −𝑆21𝑐𝑜𝑟𝑟
2 +1

2𝑆11𝑐𝑜𝑟𝑟
 (4) 

Therefore, the reflection coefficient (Γ) and transmission 

coefficient (T) can be calculated using the formula 

Γ = 𝐷 ± √𝐷2 − 1 (5) 

𝑇 =
𝑆21𝑐𝑜𝑟𝑟

1−Γ
 (6) 

In Eq. (5), the reflection coefficient (Γ) can finally be extracted 

from measured S-parameter of the SUT as expected. The 

important factor is to determine the correct root, which satisfies 

|Γ|<1 for the chosen root due to the passive behavior of the 

material and Eq. (6), and the simplicity of the standard NRW 

method, for which the transmission coefficient (T) can also be 

derived using [32] 

𝑇 =
𝑆11𝑐𝑜𝑟𝑟+𝑆21𝑐𝑜𝑟𝑟−Γ

1−(𝑆11𝑐𝑜𝑟𝑟+𝑆21𝑐𝑜𝑟𝑟)Γ
 (7) 

Once the reflection coefficient (Γ) and transmission coefficient 

(T) have been derived, then the complex relative permittivity 

(εr) is calculated using the relation εr = n / Z, where n is the 

complex refractive index (n) of the material and the impedance 

(Z) which calculated as follows [32,33]: 

𝑛 =  
1

𝛽𝑑
𝑐𝑜𝑠−1(

1

2𝑇
) (8) 

𝑍 =
(1+Γ)2−𝑇2

(1−Γ)2−𝑇2  (9) 

Material conductivity, which is dependent on the frequency, 

can be calculated from material complex relative permittivity 

(εr) as follows: 

 

𝜎𝑒𝑓𝑓(𝜔) = 𝜔𝜀0𝜀𝑟
′′(𝜔) (10) 

where 𝜀0 is permittivity of free space (8.854E-12 F/m) and 

𝜀𝑟
′′(𝜔) is the imaginary part of the extracted complex relative 

permittivity of the SUT which has been calculated before. In 

(8) the thickness of the SUT plays important role in the final 

result of permittivity extraction. 

3. Results and Discussion 

The measured S-parameter (magnitude) of the SUT from 

one slab of fresh mango leaves (Mangifera indica) with a 

thickness of 0.432±0.029 mm from the VNA measurement at 

Ka-band frequency is depicted in Fig. 4–7. In the Ka-band 

frequency (26–40 GHz), the magnitude scattering parameters 

(S11, S12, S21, and S22) are plotted versus frequency. From the 

S-parameter result it can be inferred that a moderately lossy 

material with smooth and non-resonant behavior has been 

described. The forward and reverse transmission magnitudes 

overlap closely where |S21| ≈ |S12| with only a small ripple, 

indicating good reciprocity and no nonlinear effects. Insertion 

loss remains roughly in the low tens of dB with weak frequency 

dependence, while the return losses differ slightly. 
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Fig. 4. Measured S-parameter (magnitude of S11) of mango leaves 

 

Fig. 5. Measured S-parameter (magnitude of S12) of mango leaves 

 

 

Fig. 6. Measured S-parameter (magnitude of S21) of mango leaves 

 

Fig. 7. Measured S-parameter (magnitude of S22) of mango leaves 

 

Fig. 8. Measured S-parameter (phase of S11) of mango leaves 

 

Fig. 9. Measured S-parameter (phase of S12) of mango leaves 

 

 

Fig. 10. Measured S-parameter (phase of S21) of mango leaves 

 

Fig. 11. Measured S-parameter (phase of S22) of mango leaves 
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In port 1, magnitude of S11 is modestly matched (≈−8 to 

−12 dB) and trends a little worse toward 40 GHz, whereas for 

port 2, magnitude of S22 is generally better matched (≈≤−15 

dB). The shallow, quasi-periodic ripple visible on all traces 

indicates multiple reflections in the fixture or sample stack 

rather than true resonances. There is no sharp notches or peaks 

observed. Overall, the data from the mango leaves sample are 

consistent with a broadband, effectively non-magnetic 

dielectric element whose response in Ka-band is dominated by 

attenuation and interface mismatch rather than narrowband 

resonance. 

Fig. 8–11 depicted the S-parameter (phase) of mango 

leaves. Across the 26–40 GHz Ka-band frequency, the phase 

scattering parameters S11, S12, S21, and S22 are plotted versus 

frequency. The S-parameter phase responses are dominated by 

a smooth, nearly linear downward slope with periodicity every 

±180°. The transmission phases (S21, S12) track closely, 

indicating a reciprocal, time-invariant device with no nonlinear 

effect. The slight superposed ripple is consistent with weak 

multiple reflections in the fixture. The reflection phases (S11, 

S22) show similar trends, with stronger ripple at the more poorly 

matched port, consistent with the log-magnitude S-parameter 

data. 

After obtaining the overall S-parameters (magnitude and 

phase) from the VNA measurements of the sample material 

under test, direct extraction of permittivity data is not possible. 

This relates to the validity of the S-parameter values from the 

sample under test. The measured S-parameter results are a 

combination of the S-parameter values from the sample under 

test and the fixture (waveguide and holder). Considering that 

the calibration performed in this study was limited only to the 

coaxial input of the VNA due to lack of a complete calibration 

instrument. Ideally, the calibration should be done up to the 

fixture (waveguide and sample holder) so that the S-parameters 

obtained are purely based on the influence of the sample. 

Therefore, de-embedding techniques are needed to 

eliminate the influence of the fixture. (1) and (2) are used for 

this purpose. To employ (1) and (2), it is necessary to measure 

the S-parameters without the sample under test, then denoted 

as the S-parameter fixture. 

Fig. 12–15 show the measured magnitude S-parameters in 

dB without a sample present over the measurement frequency 

range of 26–40 GHz. It can be concluded that the values of the 

forward and reverse transmission coefficients (S21 and S12) are 

identical and close to 0 dB across the entire band. This indicates 

very little transmission loss, demonstrating good matching in 

the measurement. Conversely, the reflection coefficients (S11 

and S22) consistently remain below -20 dB, with ripples visible 

across the entire band. This indicates that the reflection is 

occurring on the fixture or is caused by its uneven surface. 

 

Fig. 12. Measured S-parameter (magnitude of S11) without sample 

 

Fig. 13. Measured S-parameter (magnitude of S12) without sample

 

Fig. 14. Measured S-parameter (magnitude of S21) without sample 

 

Fig. 15. Measured S-parameter (magnitude of S22) without sample 
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Meanwhile, Fig. 16–19 show the measured S-parameter 

(phase) without samples within the 26–40 GHz frequency 

range.  The transmission phases (S21 and S12) exhibit a linear 

and periodic decline with frequency, aligning with the 

propagation properties of a fixture structure, signifying that the 

signal undergoes a frequency-dependent phase shift during its 

passage through the fixture.  Conversely, the reflection phases 

(S11 and S22) demonstrate considerable variability with some 

oscillations, indicating impedance mismatch, numerous 

reflections, and potential resonant effects at fixture interfaces.  

The comparatively consistent patterns of S21 and S12, in contrast 

to the irregular S11 and S22, indicate that transmission 

measurements are more dependable for deriving propagation 

constants and dielectric characteristics, whereas reflection data 

necessitate further calibration or de-embedding to reduce 

measurement distortions. 

 
Fig. 16. Measured S-parameter (phase of S11) without sample 

 

Fig. 17. Measured S-parameter (phase of S12) without sample 

 

Fig. 18. Measured S-parameter (phase of S21) without sample 

 

Fig. 19. Measured S-parameter (phase of S22) without sample 

 

Fig. 20(a) shows the extracted permittivity and dissipation 

factor of one slab of fresh mango leaves. The measured 

complex permittivity of mango leaves (Mangifera indica) over 

the Ka-band frequency 26–40 GHz reveals a decreasing trend 

in the real part (ε′). With a maximum of 11.15 at 26 GHz and a 

minimum of 4.89 at 40 GHz. This decrease supposes a 

frequency-dependent dielectric dispersion, which is typically 

explained by polarization mechanisms losing their 

effectiveness at higher frequencies, especially dipolar and 

interfacial polarization in the water content and cellular 

structure of the leaf. The high moisture content of fresh tropical 

leaves, where bound water relaxation significantly affects 

permittivity at millimeter-wave frequencies, is consistent with 

this behavior. These smoothly decreasing permittivity values is 

similar to those that have been presented on tomato and tobacco 

dielectric properties extraction [15] and also alfalfa leaves [34]. 
 

 
Fig. 20. Complex relative permittivity of SUT (a), dissipation factor (b) 

There is little frequency-dependent energy dissipation in the 

tested band, as indicated by the imaginary part (ε″), which 

represents dielectric loss remaining comparatively low and 

stable throughout the frequency range. Together with the real 

permittivity's observed dispersion, this low loss behavior 

indicates that, although mango leaves have a sizable dielectric 
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storage capacity at lower Ka-band frequencies, their absorptive 

losses are still quite low. This feature is crucial for 

comprehending foliage-induced attenuation in tropical settings 

because it suggests that phase delay and scattering, rather than 

excessive absorption, are the main causes of signal degradation 

in this range. 

Meanwhile, Fig. 20(b) depicted dissipation factor (tan ) 

over the tested band. The dissipation factor (tan δ) of mango 

leaves (Mangifera indica) within the frequency range of 26–40 

GHz remains consistently low, generally below 0.05, with a 

maximum value of 0.07, particularly within the 35–38 GHz 

range, and a minimum value of 0.005. This indicates a small 

dielectric loss within the spectral range investigated. This 

indicates that energy dissipation is increased in certain regions, 

possibly due to resonant interactions between the 

electromagnetic field and the moisture cell architecture within 

the leaf.  

The very steady and low dissipation factor indicates that 

attenuation from mango leaves at these frequencies is primarily 

influenced by scattering and phase delay effects rather than 

dielectric absorption.  This attribute is crucial for millimeter-

wave propagation research in tropical settings, indicating that 

mango leaves, despite exhibiting high real permittivity at lower 

frequencies within the Ka-band, do not significantly contribute 

to power loss via absorption.  Thus, these findings are 

important in enhancing foliage attenuation models for 5G and 

6G communication systems, especially in rural and semi-urban 

areas characterized by dense tropical vegetation. 

In addition to permittivity and dissipation loss calculation, 

electrical conductivity () is a key property for describing how 

materials interact with waves because it measures how well a 

material can carry an electric current when it comes into contact 

with an electromagnetic field. Moisture level and ionic 

concentration in plant tissues have a big effect on conductivity, 

which affects signal attenuation through ohmic losses. More 

conductivity means more energy is absorbed and turned into 

heat, which weakens the signal. This tendency is especially true 

at higher frequencies, where electrical losses are more 

noticeable.  For this reason, adding conductivity to models of 

leaf attenuation is necessary to gain a favorable idea of how 

electromagnetic waves will travel through tropical plants. 

 

Fig. 21. Calculated conductivity material 

 Fig. 21 shows the calculated conductivity over the targeted 

band. The effective conductivity (σeff) of mango leaves 
(Mangifera indica) in the 26–40 GHz frequency range is from 

around 0.2 S/m to 0.6 S/m, with considerable variations and 

occasional peaks above 0.7 S/m at 34–35 GHz. The prevailing 

trend demonstrates a modest increase in conductivity with 

frequency, attributable to the augmented contribution of ionic 

and free water to conduction at elevated millimeter-wave 

frequencies. The conductivity values, along with permittivity 

and dissipation factor data, are essential for precise foliage 

attenuation models, facilitating improved predictions of signal 

deterioration for Ka-band communication systems in tropical 

conditions. 

This section discusses the influence of sample material 

thickness on its permittivity value. Accurate measurement of 

sample thickness is an important factor in determining the 

permittivity extraction value of a sample. This becomes 

increasingly urgent if the sample being tested (SUT) is quite 

thin, as in this study, which involves samples from tropical 

leaves. Because it's not easy to accurately measure the 

thickness of thin samples. In this study, it has been shown that 

after several measurements of sample thickness (t), the average 

value obtained and its uncertainty are 0.432±0.029 mm, which 

means that the maximum sample thickness is 0.461 mm and the 

minimum sample thickness is 0.403 mm. The following section 

is an analysis of the effect of sample thickness on the extraction 

permittivity value of the SUT. Fig. 21 shows the effect of 

thickness variation of the permittivity extraction result.  

 

Fig. 22. Thickness variation effect on permittivity extraction result 

 Fig. 22 illustrates the variation of permittivity (εr) of a 

sample under test across the frequency range of 26–40 GHz for 

three different thicknesses (minimum, average, and maximum) 

measurements. In all cases, permittivity decreases 

monotonically with increasing frequency, indicating typical 

dielectric dispersion behavior. The highest permittivity values 

are observed for the minimum thickness sample, reaching 12 at 

26 GHz, while the maximum thickness sample exhibits lower 

values, around 10.5 at the same frequency. As the frequency 

approaches 40 GHz, the permittivity converges toward values 

between 4.58 and 5.24, with reduced differences across 

thicknesses. This trend suggests that thickness variations 

influence the magnitude of permittivity at lower frequencies 

but have less effect at higher frequencies, where dielectric 

response becomes more stable. Overall, the results demonstrate 

both frequency-dependent dielectric dispersion and sensitivity 

of permittivity to sample thickness in the Ka-band region. 

Several studies have been conducted to identify the 

permittivity value of materials using various measurement and 

analysis methods. However, there are only a few studies that 

focus on finding the permittivity values for natural materials, 

especially plant leaves. Some of these studies aim to measure 

the electrical properties of economically important plant leaves, 

such as tomatoes and corn. It is quite difficult to obtain a truly 
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comparable study with this research in terms of frequency or 

the samples used. Nevertheless, Table 3 explains several 

reports related to this study on premittivity extraction of several 

leaves at various frequencies. 

Table 3. Several previous works on this study 

 

 Material Frequency Permittivity 

Chauhan 

et al. 
[15] 
 

Tomato leaves 100 Hz-1 MHz 
1E5-1E4 

(highest MC) 

Tobacco leaves 100 Hz-1 MHz 
1E7-1E4 

(highest MC) 

Tomato leaves 0 – 15 GHz 
45-20 

(highest MC) 

Tobacco leaves 0 – 15 GHz 
50-22 

(highest MC) 

Shrestha 
et al. 
[34] 

Alfalfa Leaves 0-20 GHz 
42-20 

(highest MC) 

This 
Study 

Mango leaves 26-40 GHz 
16.9-10.8 

[13.9 at 28 GHz] 
(~53% MC) 

* MC: Moisture Content 

4. Conclusion 

The material properties of fresh mango leaves (Mangifera 

indica) measured in the Ka-band frequency range of 26–40 

GHz reveal a significant decrease in the real part of permittivity 

(ε′) with increasing frequency, declining from approximately 

11.0 at 26 GHz to around 5.0 at 40 GHz, which indicates 

noticeable dielectric dispersion resulting from diminished 

polarization efficiency at high frequencies.  The imaginary 

component (ε″) remains low and rather consistent over the 

frequency, indicating negligible frequency-dependent 

absorption losses.  The dissipation factor (tan δ) remains 

constantly below 0.05, with slight peaks, indicating that 

dielectric storage prevails over absorption in this frequency 

range. Effective conductivity (σeff) ranges from 0.2 to 0.6 S/m, 

with a marginal increase at higher frequencies, indicative of the 

effects of ionic conduction and moisture content in the leaves.  

The results suggest that at Ka-band frequencies, signal 

attenuation through mango foliage is predominantly affected by 

dielectric dispersion and scattering, rather than significant 

absorption, highlighting the importance of these parameters for 

enhancing foliage attenuation models in the planning of 

tropical millimeter-wave communication systems.  
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