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ABSTRACT

While plants are typically supposed to restrict the performance of radio frequency transceiver systems, they can act as efficient biogenic
elements of control. A high fraction of water inside vegetation gives rise to multiple electromagnetic Mie resonances, originating from
interplaying a naturally high permittivity and a form factor. Opuntia ficus-indica, known as nopal cactus, is a representative example whose
succulent stems or cladodes contain nearly 75–85% water. Here, we present an Opuntia-based broadband omnidirectional antenna element,
operating at several Wi-Fi communication bands, spanning from 900MHz to 7.7GHz. A high relative permittivity in the GHz range exceeds
20. As a result, a variety of Mie resonances within the cladode are measured and revealed by the multipole expansion technique. Modal hier-
archy, resonantly excited with a coaxial cable, is demonstrated to provide a broadband impedance matching below �10 dB over the �150%
bandwidth. Further investigations of plants as functional electromagnetic elements can contribute to the general trend of environment
friendly multifunctional devices, promoting development of green technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077338

A variety of microwave based applications, involving green vege-
tation components (e.g., stems, branches, leaves, and fruit), play an
important role in industrial, scientific, and medical sectors.1

Contactless noninvasive electromagnetic approaches, widely used in
medical diagnostics, can be applied for agricultural needs. Penetration
of electromagnetic waves into a medium depends on a material attenu-
ation coefficient at a chosen spectral range. Lower frequencies typically
have better penetration capabilities with a penalty of a reduced spatial
resolution. In general, goods quality monitoring, tracking, and manag-
ing agriculture activities are made possible by mapping an averaged
dielectric permittivity on parameters of interest, including moisture,
ionic concentration, and material density.2 Quite a few crops, includ-
ing their quality and biological activities, were assessed with the aid of
remote electromagnetic sensing.3–7

Many permittivity retrieval techniques were developed for testing
agricultural products. While low frequency parameters are typically
assessed with capacitive approaches,8 retrieval of MHz–GHz permit-
tivity demands using alternative methods.2 However, open ended
coaxial technique is used for the most for assessing liquids and semi
solid materials above 100MHz.5,9–12 Electromagnetic properties of
potato,11 tomato,4 pear,12 banana,11,12 orange,11 apple,11–13 carrot,10–12

and banana leaves14 were investigated at X-band (8.0–12.0GHz) and
taken toward the remote monitoring of their growth.15,16 Additional

reports investigated absorber materials based on fibrous plants,17,18

while few others focused on determining the impact of vegetation on
microwave propagation.4,19

Another area, where electromagnetic properties of plants play an
important role, is wireless communications, where crops introduce a
significant attenuation factor, contributing to the free space propaga-
tion. While in a vast majority of cases, vegetation is considered as a
limiting factor, reducing channel capacities,20,21 they can also be used
as elements of control. Having high concertation of water, worldwide
available plants can be utilized as dielectric resonant antenna (DRA)
elements.22,23 In particular, cactuses are good candidates for testing the
concept.

Opuntia ficus-indica, or eastern prickle pear or green cladode,
belongs to the cactus family Cactaceae. O. ficus-indica is a
Crassulacean acid metabolism (CAM) plant, which can store a large
amount of water in its leaves or cladodes. O. ficus-indica cladodes are
used as vegetable in South and Central America and in various parts
of the world. This crop, containing nicotiflorin, can provide an effec-
tive treatment against many diseases.24 Furthermore, cactuses are
widespread throughout arid, semiarid regions of drought and desert
areas where communication is a very challenging task. Cladodes, con-
sisting of 75%–85% water,25 can possess multiple Mie resonances and
act as natural DRAs. Dielectric properties of constitutive materials26
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along with a geometrical shape of a scatterer govern its interaction
with electromagnetic waves. Here, we investigate O. ficus-indica capa-
bilities to serve as an efficient antenna device, which might be cus-
tomized and contribute to several WLAN applications and Wi-
MAX covering all frequency bands. In particular, 900MHz, 2.4, 3.6,
4.9, 5, 5.9, and 6GHz are used for Wi-Fi communication, which is
under the IEEE 802.11 protocol.27–29

Here, we show that the modal hierarchy, resonantly excited with
a standard coaxial cable, is responsible to provide a broadband imped-
ance matching bandwidth of approximately 150% for S11<�10 dB
from 900MHz to 7.7GHz frequency band with next to omnidirec-
tional directivity patterns and close to 0 dB gain. The manuscript is
organized as follows: the electromagnetic properties of theO. ficus-ind-
ica are discussed first and after identifying the range of frequencies a
broadband antenna performance is demonstrated. Then, the scattering
and multipole decomposition analysis of the standalone plant is pre-
sented followed by the conclusion. In order to untie the broadband
antenna performance from a specific crop under investigation,

parametric studies over possible cladode dimensions are performed
and come under the supplementary material part.

In order to perform numerical analysis of electromagnetic inter-
actions with the plant, material parameters of the latter should be
retired. While there are quite a few techniques in the field,30–33 open
ended coaxial probe method was proven to be an efficient tool to
determine the dielectric properties of the fruits and vegetables over a
wide frequency range.32,33 Poking a probe into a plant allows perform-
ing a local retrieval of electromagnetic properties. Cactus consists of a
small fraction of carbs, magnesium, potassium and, primarily, of
75%–85% water, making the object to be high-epsilon in the GHz
spectral range. The plant’s permittivity is influenced by the ionic con-
ductivity and the bound water relaxation. Since the amount of water
may vary in different positions along the cladode, there is a reason to
keep the structure unperturbed in order to account for possible struc-
tural and position dependence of the permittivity along the cladode.
The dispersion characteristics of the O. ficus-indica (eastern prickly
pear) have been measured with the fresh and one-day-old sample in

FIG. 1. O. ficus-indica permittivity retrieval. (a) Photograph of the setup—the open-end coaxial probe method. (b) Photograph of the cladode. Points, where the probe poked
the sample, are indicated with the numbers 1–6. (c) Real part of the permittivity [Re(e)] and (d) loss tangent at six positions along the cladode as a function of frequency. The
dashed lines—averaged values.
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the frequency range of 1–12GHz, as shown in Fig. 1(a). The measure-
ment is performed with a vector network analyzer (VNA, Keysight
N1501A), a coaxial probe and software post processing. The system
was calibrated using air, short and de-ionized water (25 �C) prior to
the main experiment. The data were acquired for different positions
on the O. ficus-indica sample numbered as 1–6, shown in Fig. 1(b).
The real part of the permittivity (Re (e)) and the loss tangent, obtained
at six probe positions as a function of frequency, appear in Figs. 1(c)
and 1(d), respectively. The results are the same for both samples. The
averaged value is represented with the dashed line. While the results at
the probing points differ from each other by almost 20%–30%, they all
share the same dispersion behavior. It is quite remarkable that the per-
mittivity has a negative slope with the frequency increase. In fact, simi-
lar phenomenon has been observed in several natural forms30,32 and is
attributed to the ionic conductivity and the bound water relaxation. It
can be seen that the permittivity drops with approaching the cladode’s
margin, verifying the fact that the water content is maximal at the cen-
ter, where the structure is wider. The overall values of the permittivity
are quite high, being accompanied by moderate losses that allow con-
sidering the plant as a DRA22,23 or a scatterer. Since the dielectric con-
stant has a strong temperature dependence owing to the presence of
water, all the experiments were obtained at nearly the same environ-
mental conditions.

Next, we consider the O. ficus-indica antenna performance. The
cladode is excited by a monopole above a ground plane (1.5mm FR4
with 0.035mm thick copper layer), pinched into the bottom of the
structure [Fig. 2(a)]. The wire length (L) is L¼18.5mm (quarter wave-
length (k=4) at �4GHz), and the wire radius (r) is approximately
r < k=20, where r¼ 0.75mm, fixed with respect to the 50X SMA
connector. Figure 2(b) shows the reflection coefficient (S11 in dB) as a
function of frequency for numerical simulations (see details below)
and measurements, which are in a reasonable agreement. Without the

cladode, a single resonance around 4GHz, corresponding to a dipole
eigenmodes of the wire, is observed. Numerical and experimental
results for the cladode are shown in Fig. 2(b), demonstrating the band-
width ranging from 900MHz to 7.7GHz, which can be considered as
an ultra-wideband (�150% for S11 < �10 dB). Three different reso-
nances are obtained at 1.26, 2.46, and 4GHz for the simulations and
1.2, 2.3, and 3.5GHz for the experiment. The experimental results
have minor deviations from the numerical prediction and are attrib-
uted to variations in original material properties. It is quite remarkable
that the position of the poking monopole within the cladode has only
a minor impact on S11, which is very beneficial taking into account a
natural diversity of cladodes, which will be addressed in the supple-
mentary material section.

Figure 2(c) shows the comparison of gain patterns obtained
numerically and experimentally in the anechoic chamber. The patterns
are demonstrated for different frequencies, i.e., 1.26, 2.46, 4, and
6GHz numerically and 1.2, 2.3, 3.5, and 6GHz at experiments.
Dipolar-like patterns with Omni-directional in-plane coverage are
observed. Table I summarizes directivities and gains at the representa-
tive frequencies. Losses start to affect the performance at shorter wave-
lengths, as it can be predicted by observing dispersions in Fig. 1.

In order to link the broadband performance of the cladode
antenna with the Mie resonances hierarchy, the scattering perfor-
mance of the standalone plant will be performed next. To analyze scat-
tering efficiency of the O. ficus-indica theoretically, we consider the
cladode as a homogeneous two-axial prolate ellipsoid with the spatially
averaged permittivity and loss tangent, shown in Fig. 1. The semi-
major axis of 55mm, the minor axis of 34mm, and the thickness of
16mm were chosen, based on the sample geometry shown in Fig.
1(b). Full-wave numerical analysis was performed with a 3D finite ele-
ment method (FEM) using CSTMicrowave Studio. Figure 3 shows the
spectra of the scattering efficiency (the scattering cross section

FIG. 2. (a) Cladode antenna in an anechoic chamber. The cladode is poked with a monopole feed. Inset—the monopole above FR4 substrate. (b) S11 in dB as a function of
frequency. Black solid line—standalone monopole, simulation; black dashed line—standalone monopole, experiment; red solid line—cactus antenna, simulation; blue dashed
line—cactus antenna, experiment. (c) Gain patterns in the plane, containing the broader projection of the cladode. Frequencies are indicated in the plots. Orange solid lines—
simulation; blue dashed lines—experiment.
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normalized by the object geometric cross section within the plane
wave front) for a plane wave polarized along x-(kx ¼ kz ¼ 0; ky
¼ k0Þ, y-(kx ¼ ky ¼ 0; kz ¼ k0; Þ; and z-axes (kx ¼ kz ¼ 0; ky ¼ k0Þ
(ellipsoid major axes).

To provide insights into the system scattering behavior, we
employ a Cartesian multipole expansion method, which allows us to
present the scattering cross section up to the terms of the third order
included as follows:34

rscat ¼
k4
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where Einstein’s summation notation is used, k is the vacuum wave
number, jE0j is the amplitude of the incident field, eh is the permittiv-
ity of the host media, e0 is the permittivity of vacuum, pj and mj are
the basic electric dipole (ED) and magnetic dipole (MD) moments,
QðeÞjk and QðmÞjk are the basic electric and magnetic quadrupoles (EQ
and MQ), and OðeÞjkl and OðmÞjkl are basic electric and magnetic octupole
(EO and MO). The exact expressions for them can be found in Refs.
16 and 34. The accuracy of this expansion is assessed vs the compari-
son with the scattering efficiency obtained by straightforward integra-
tion of the Pointing vector, denoted as FEM in Fig. 3. An excellent
agreement between FEM and the sum of multipole contributions is
observed up to 4GHz. The slight disagreement for higher frequencies
is caused by appearance of the multipoles beyond the third order. The
multipole expansion shows that for x- and y-polarized plane waves,
ED provides a dominant contribution to all resonances observed in
the scattering efficiency in a wideband domain from 1 to 3GHz. For a
z-polarized wave, both MD and ED contribute to the scattering for the
resonance at 2GHz.

TABLE I. Directivity (D) and gain (G) at several frequencies: simulations and experi-
mental measurements.

Simulations Experiment

f (GHz) D (dBi) G (dBi) f (GHz) D (dBi) G (dBi)

1.2 1.91 1.07 1.2 2.37 �0.07
1.26 2.03 0.817 1.3 2.81 �1.08
2.4 6.13 1.79 2.4 3.24 �1.3
3.6 5.16 �0.844 3.5 3.83 �0.68
4 4.52 �1.4 4 4.05 �2.31
6.0 3.96 �2.83 5.2 3.39 �3.93
7.9 2.21 �5 7.7 3 �4.54

FIG. 3. (a) Spatial dimensions of the cladode used in simulations. (b) Scattering
efficiency of a cladode and its multipole expansion for various polarizations of the
plane wave along the ellipsoid major axis. Vertical dashed lines denote the frequen-
cies of the lowest order eigenmodes. Blue, red, and yellow lines correspond to the
eigenmodes with dominating ED, MD, and EQ contributions, respectively.
Contribution of each multipole is marked with different colors: blue, electric dipole
(ED); red, magnetic dipole (MD); yellow, electric quadrupole (EQ); violet magnetic
quadrupole (MQ); green, electric octupole (EO); and sky blue, magnetic octupole
(MO), respectively. The sum of multipole contributions is denoted with purple
(Sum), and the scattering efficiency obtained by the straightforward integration of
the Poynting vectors is marked with black (FEM).

TABLE II. Characterization of the cladode eigenmodes: eigen frequencies, mode
type in accord to the Cartesian coordinates, dominating multipoles, Q factors for loss-
less and lossy cases.

Eigen
frequency
(GHz)

Mode
type Contributing multipoles

Q factor
(lossless)

Q factor
(lossy)

1.068 TM111 MD (Mz �mode) 14.8 3.5
1.269 TM211 EDþMQ (Py �mode) 27.6 4.1
1.33 TM121 ED (Px �mode) 2.8 2.5
1.524 TM141 MDþEQþMO 6.3 4.3
1.5285 TM311 MDþMO 66.6 2.6
1.66 TM221 EDþMQ 109.1 4.7
1.766 TM431 EDþMQ 31.5 3.8
1.899 TM331 MDþEQ 26.5 4
1.9 TM321 EDþMQþEO 93.8 4.3
1.955 TM111 MD (Mx �mode) 12 3.5
1.987 TM111 MD (My �mode) 11.3 3.4
2 TM511 MDþEQþMO 69.5 4.2
2.09 TM221 EDþMQ (Pz �mode) 25.7 4
2.095 TM431 EDþMQþEO 53.5 4.4
2.1 TM421 EQ 62.2 4.2
2.21 TE221 MQ 49.1 4.4
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To elucidate this behavior, we perform eigen mode analysis of
the cladode and distinguish relative multipole contributions to the
eigenmodes. The eigen frequencies along with contributing multipoles
and mode type and profile are summarized in Table II and Fig. 4.
Vertical dashed lines in Fig. 3 denote the frequencies of the lowest
order eigenmodes. The maximum at 1.26GHz (which appears in
experiment at 1.2GHz) corresponds to ED-type TM211 and TM121

eigenmodes with ED oriented along y- and x-axes. The broad maxima
localized between 1.5 and 2.2GHz, observed in experiment around
2.3GHz, is caused by superposition of TM221, TM431, TM331, TM321,
TM511, TM221, TM431, and two TM111 eigenmodes. All these modes
are governed by ED and MD (Fig. 4), which manifest in the experi-
ment as dipole-like radiation patterns, shown in Fig. 2(c). The absence
of narrow peaks in the scattering corresponding to individual

eigenmodes can be attributed to internal losses of the cactus, which
drops the Q factor of eigenmodes from �10–100 to �3–5 (Table II).
Considering losses of the cladode, we get a wide bandwidth and rea-
sonable quality factors in the broad frequency range, relevant to broad-
band wireless communications.

O. ficus-indica or its succulent stems called cladodes were dem-
onstrated to serve as an efficient dielectric resonant antenna. Owing to
its high water contain with dissolved natural minerals, the structure
supports a variety of resonant modes, which overlap in frequency with
each other. This resonance cascading allows covering a rather broad
frequency range, as it is clearly seen in electromagnetic scattering spec-
trum. Coherent excitation of the modes allowed demonstrating broad-
band impedance matching to an initially non-resonant monopole,
realized as a short wire above a ground plane. As a result, 150% band-
width (�10 dB level) was experimentally demonstrated, covering the
frequency range between 900MHz and 7.7GHz. Substantial efforts
are performed nowadays toward investigating green environmentally
friendly technologies. In many cases, those endeavors come with an
expense of performance degradation, putting ecological aspects at the
cornerstone. Taking a green communication approach, being cheap
and effective at the same time, can provide an additional boost to this
emerging and highly important field.

See the supplementary material for bandwidth robustness to
cladode’s variability:O. ficus-indica plants naturally have different sizes
and shapes, which might affect antenna characteristics. While the per-
formances do depend on the cladode’s shape, the poking monopole
can serve as an essential degree of freedom, capable to tune the device
toward a broadband operation. The eastern prickly pear belongs to
one of the species in Opuntia ficus-indica from total of 1800 species in
cactus family. The cladode or pads of eastern prickly pear plant are
generally not very large, and these can be of 5–17 cm (50–170mm)
long and 4–12 cm (40–120mm) wide. In order to verify a certain level
of robustness to the size variations, we investigate S11 as a function of
(i) monopole length and (ii) variations in width, height, and thickness
of the cladode. Since this parametric space cannot be presented on a
single three-dimensional plot, a single parameter is varied each time.
The cladode geometrical parameters are taken as width 68mm, height
110mm, and thickness of 16mm. Figure S1(a) shows the color map of
S11 as a function of frequency (1–12GHz), and the monopole length
varies from 10 to 60mm. Monopole resonance is the function of a
change in monopole length. Figure S2 compares the bandwidth at the
monopole resonance of 1.5, 4, and 6.5GHz, where the bandwidth is
maximum at the monopole resonance of 4GHz (around 18.5mm
monopole length). Bandwidth at higher end remains almost same,
whereas the resonance shifted to higher frequency with the increase in
length as shown in Fig. S1(a). Figure S1(b) investigates the same
parameter, taking the cladode thickness as a variable (10—2mm).
Reducing the thickness does not affect the resonance, however, leading
to the bandwidth increase. Figure S1(c) shows the investigation with
the changing the cladode’s width from 40 to 120mm. Here, the band-
width and the resonance almost remain the same for the entire varia-
tion. Figure S1(d) demonstrates the behavior as a function the height
from 50 to 170mm. Here, the resonance remains the same but the
bandwidth slightly improves as the height increases. These estimations
of resonance and bandwidth characteristics support the claim that a
variety of cladodes can serve as efficient antenna devices. We have also

FIG. 4. Multipole contributions to the cladode’s eigenmodes: type of eigenmodes is
presented according to the Cartesian coordinate system. Profiles of the eigenmo-
des providing dominant contributions to the resonances observed in the scattering
cross section in Fig. 3.
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investigated the performance in terms of gain and directivity with sin-
gle and four cladode configuration similar to the cactus plant. Both
directivity and gain have very little effect at lower frequencies and will
remain almost same for the higher frequencies. Comparison of charac-
teristics at different frequencies for single and four cladode configura-
tions is presented in Table S1 in the supplementary material.
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