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Abstract—In agricultural applications, it is becoming ever more
important to be able to send sensor data in an energy-efficient way,
possibly from each plant. This study investigates the possibility to
excite a plant leaf using an Antenna Booster to enhance antenna
performance. A PCB including a Matching Network is designed
to accommodate the Antenna Booster. This PCB is placed in
a simulation environment on material emulating the electrical
properties of a plant. It is shown that the Antenna Booster uses
the PCB and the leaf it is placed upon to radiate. The simulations
show that it is possible to increase the radiation efficiency of
the antenna structure from 9.6% up to 15% at a frequency of
approximately 2 GHz by attaching the Antenna Booster to a leaf-
like plane, and that using the leaf thus should be considered in
the Internet of Plants (IoP).

Index Terms—Internet of Plants, Plantenna, Antenna Booster

I. INTRODUCTION

THE Internet of Things (IoT) is a widely known concept
nowadays. The main idea of IoT is empowering computers

with means to gather their own data, and by doing so reducing,
and eventually eliminating, the limitations of human-entered
data [1], [2]. One of the main reasons why IoT is popular
these days, is because of its many applications [3]. The IoT
connects physical things, for instance plants, and lets them
exchange information about themselves and their surroundings
[4]. The concept of connected plants is also referred to as
Internet of Plants (IoP). Even though the IoT is a popular
concept, the antenna design in any IoT device remains a
bottleneck [5]. [6] Describes the design of an IoT antenna and
the difficulties, such as taking into account the total antenna
efficiency and the sensitivity to the environment, in doing so.
In particular, obtaining high efficiency for small antennas is a
known challenge given the Chu-Harrington limit [7], [8].

A possible solution for IoP applications could be to use part
of the plant itself as an antenna. Already in 1988, Chandraselar
[9] published a study regarding the plantenna concept: plants
are to be used as antennas. Chandraselar’s study concerns
special plants called hyper accumulators, which grow in soils
with high metal concentrations and absorb these metals [10].
These hyper accumulators are being tested to observe any
antenna like properties, but so far, this plantenna method has
not yet proven to work [9].

Fig. 1: DUO mXTEND Antenna Booster from Ignion with a
size of 7 mm× 3 mm× 2 mm [11].

This study focuses on using the plants in the IoP networks
as plantennas. A plantenna could be used to increase the
current crop yield and reducing resource waste by developing
autonomous sensors which measure environmental and in-
plant parameters. Subsequently, the plantenna will send this
information to a receiver. The study does not continue upon the
hyper accumulator study. Instead, it researches the possibility
to excite a plant using the DUO mXTEND Antenna Booster
shown in [11]–[13] and to increase the radiation efficiency
of the radiating structure by simply adding a plant leaf. This
Antenna Booster, as depicted in Fig. 1, is easy to implement
and should therefore already propose a solution for the antenna
design bottleneck. Therefore the main focus in this study is
increasing the radiation efficiency by adding a plant leaf. This
Antenna Booster can not be implemented directly onto the
plant, since it needs a Matching Network (MN) to radiate.
Therefore the Antenna Booster should be implemented on a
PCB containing the MN. This general structure of the main
idea of this research is illustrated in Fig. 2. This research
covers the design of this PCB, as well as the simulation results
using this PCB. This study includes multiple simulations using
the Antenna Booster, performed with CST Studio Suiter [14]
using the available encrypted model for the Antenna Booster.

The paper is structured as follows: Section II concerns the
design process of the PCB, as well as the working principle
of the Antenna Booster. Thereafter, the simulation results
are given and elaborated in Section III. At last, the main
conclusions are summarized in Section IV.



Fig. 2: General structure of the main idea of this research.

II. DESIGN PROCESS

This section firstly provides some insight in the working
principle of the radiating structure, which underlies some of the
design choices that are made. In addition, the design choices
for the PCB are discussed. The parameters of interest are
the working principle, the PCB dimensions and the design of
the MN. These different parameters are researched using [15]
before the final PCB was designed, and the knowledge obtained
from these tests were applied when designing the final PCB.

A. Working Principle

When designing an antenna, a trade-off has to be made
between the physical dimensions of the antenna and the antenna
gain, efficiency, and bandwidth [7], [8], [16]. Smaller antenna
dimensions often lead to a decrease in gain, efficiency and
bandwidth. The Antenna Booster however, is up to 10 times
smaller than other chip antennas while maintaining the same
performance [17], [18].

As of yet, there is no study about the RF properties with
directly applicable results of plants. This proposes an obstacle,
since it is crucial for this study that simulations are done using a
leaf-like structure. Plants consist mainly of water, and although
pure water is known as an excellent insulator, the minerals
which are present in a plant do have conducting properties [19].
These minerals can be represented by salt. Therefore the choice
was made to use salt water, of which the RF properties are
known, during the simulations to represent the plant. However,
while the RF properties of salt water are expected to lie close
to those of plants, they are not exactly the same, because of
the difficulty in determining the electrical properties of a plant.
This could thus lead to results which could diverge from the
measurements with real plants. This salt water, shaped like a
plane, was added underneath the PCB. To connect the Antenna
Booster directly to this salt water plane, initially copper layers
were also placed on the edges of the PCB. These copper
layers however, are difficult to realize in PCB manufacturing
technology. Hence for the final design vias are used instead
of these copper edges. The difference between the vias and
the copper edges were found to be negligible. The PCB was
made as small as possible, but big enough to accommodate
the MN and the Antenna Booster. These choices were made to
already get an indication whether the design including a salt

(a) (b)

Fig. 3: (a) The dipole-like E-field of the structure when the
PCB is placed at the center edge of the salt water plane. (b)
The monopole-like E-field of the structure when the PCB is
placed at the corner of the salt water plane.

water plane would be a plausible possibility. For future research
removing the ground plane underneath the antenna area should
be considered.

According to [17], there are two recommended possibilities
on where to place the Antenna Booster on the PCB: one being
at the corner and one at the center edge. In order to research
both possibilities, the choice was made to place the PCB
containing the Antenna Booster at either of those positions.
The Antenna Booster was placed at the center edge of the PCB
such that the PCB can contain the two MN’s.

The two different set-ups and their E-fields are depicted in
Fig. 3. It shows that the Antenna Booster in both cases seems
to excite the PCB as well as the lossy salt water, which implies
that the whole structure now contributes to the radiation. The
E-field shown in Fig. 3a is similar to the E-field of a dipole
antenna, while the E-field shown in Fig. 3b shows similarities
to the E-field of a monopole antenna. The structure thus either
operates as a dipole or as a monopole antenna depending on
the location of the antenna booster.

B. PCB Dimensions

To understand the influence of the PCB dimensions, again
the model proposed in [15] is used. Two PCBs with the same
surface were used to test the effect different dimensions have on
the performance of the structure. This was done to test whether
for the final design only the surface of the PCB needed to
be taken into account, or whether the dimensions also have
a noticeable impact. Based on the the E-field distribution as
shown in Fig. 3, it is expected that, next to the placing of
the PCB, also the dimensions of the radiating structure are a
key element in the design process. The results concerning total
efficiency are listed in Table I. These simulations were done
without a leaf, since this simple structure already provides the
insight needed to design the final structure.

From Table I it can be concluded that an equal surface does
not necessarily result in an equal total efficiency. However, it
does emphasize that a difference in the width-length ratio has an
impact on the total efficiency. This result was as expected and



shows that when placing a PCB containing the Antenna Booster
on different plant leaves, it will not result in the same efficiency.
This proposes a design difficulty as it is not natural for leaves
to be all the same size. A solution would be to design separate
PCBs for different leaves. This however is a time consuming
process. Another solution would be to place the PCB containing
the Antenna Booster on leaves which dimensions are similar
to one another, and accept the loss in efficiency for some
leaves. Another point for discussion is that the direct impact
of the PCB dimensions is uncertain. As was mentioned, the
PCB dimensions do impact the radiation efficiency of the
structure. There was however not a linear relation between PCB
dimensions and radiation efficiency. An extension study could
focus upon researching the effect of the PCB dimensions and
how to use this to improve the final design. However, from
these results can also be deducted that by simply changing the
dimensions of the radiating structure, the total efficiency can
be increased, which is positive for the hypothesis that adding a
leaf to the structure of the PCB and the Antenna Booster can
improve the efficiency.

C. Matching Network Design

The Antenna Booster is a passive component and can be
tuned by using a MN [12], [17]. The MN was designed while
taking the effect of the salt water plane into account. The
implementation of the MN is done by using lumped elements
in CST and by using the 0402-package [20]. The MN is
implemented on the top layer of the PCB next to the location
where the Antenna Booster can be placed and its schematic is
displayed in Fig. 4. The structure is matched at a frequency of
2 GHz, which is in the operating range of the Antenna Booster
[17].

TABLE I: Results concerning total efficiency difference of BT
and GNSS between two PCBs with the same surface.

Width × Length Total efficiency BT Total efficiency GNSS
40 mm × 40 mm 74.7 % 12.8 %
80 mm × 20 mm 61.9 % 75.2 %

Fig. 4: The circuit of the MN which is implemented on the
PCB in Fig. 5.

(a) (b)

Fig. 5: (a) The top layer, FR-4 substrate, and bottom layer of
the PCB. (b) The vias connecting the top and bottom layer of
the PCB.

TABLE II: Measurements of the PCB and salt water plane and
the component values of the MN.

A 0.35 mm F 1.1 mm J 3.9 mm N 18 mm
B 0.4 mm G 1.55 mm K 10 mm O 23 mm
C 0.5 mm H 2 mm L 12 mm P 49 mm
D 0.6 mm I 3.2 mm M 14 mm Q 71.5 mm
E 1 mm

D. Final Design

The final design which was used for the simulations is shown
in Fig. 5. This final design is designed using [15], and by using
the parameters of interest as described in Sections II-A, II-B,
and II-C. The size of the final PCB is just large enough to
contain the Antenna Booster and MN to minimize the size of
the PCB and to maximize the contrast between the PCB and salt
water plane dimensions. This ensures that the main radiating
structure will be the salt water plane.

In Fig. 5a the top layer, FR-4 substrate with a relative
permittivity εr of 4.3 and a loss tangent δ of 0.025 and part of
the bottom layer are shown. The PCB also includes a bottom
copper layer which ensures electrical connection between the
antenna booster and the salt water plane. Fig. 5b shows the
three vias connecting the top and bottom layer. The dimensions
of this final PCB are listed in Table II. The Antenna Booster
footprint dimensions are as mentioned in [17].

III. SIMULATION RESULTS

This section includes simulations of structures consisting of
the Antenna Booster mounted on the PCB, and a salt water
plane in the form of an Aloe Vera leaf. The aim of these
simulations is researching if adding a salt water plane can
improve the radiation efficiency. Therefore in this section not
only the question whether the Antenna Booster can excite a
plant is answered, but also if this can give beneficial results
and whether the design is robust.



Fig. 6: The PCB design as shown in Fig. 5 including the DUO
mXTEND and the salt water plane.

A. Salt Water Simulations

In Fig. 6, the PCB from Fig. 5 together with the Antenna
Booster and the salt water plane is shown. The dimensions of
the salt water plane are determined by taking the approximate
dimensions of an Aloe Vera leaf. The measurements of the salt
water plane as depicted in Fig. 6 are stated in Table II. The
PCB is placed at the center edge of the salt water plane. This
arrangement will be referred to as arrangement A from now
on.

The reflection coefficients from the PCB with and without
the salt water plane are shown at the top in Fig. 7. Comparing
the reflection coefficients with and without the salt water plane,
there is a clear shift in frequency between the two. This result
is as expected, since the MN was designed while considering
the effect of the salt water plane. The radiation efficiencies of
the PCB with and without the salt water plane are shown at the
bottom in Fig. 7. Here it is shown that for this design, the salt
water plane can introduce an increase in radiation efficiency
of approximately 9.6% at the frequency of 2.068 GHz. The
realized gains of arrangement A with cut angles φ = 0°, φ =
90°, and θ = 90° are shown in Fig. 8. For these cut angles, the
main lobes have peak realized gains of -6.2 dBi, -4.1 dBi, and
-5.7 dBi, respectively. Whilst the realized gains in the planes
φ = 90° and θ = 90° can be seen to be quite omni-directional,
in the φ = 0° plane a radiation null can be found in the direction
θ = 225◦.

Since these results are obtained using simulations, validation
by means of efficiency measurements is the topic of future
investigation. The changing impedance of the antenna may be
solved using a reconfigurable matching network [16] to achieve
an improved total efficiency for different leaves with different
properties.

B. Salt Water Simulations with Different PCB Locations

Section II-A elaborates that placing the PCB on the corner
of the salt water plane results in a different mode of operation
compared to placing the PCB as done in arrangement A.
Therefore, two more simulations were performed where the
PCB containing the Antenna Booster was placed first at the
top, and then at the bottom of the salt water plane. These
arrangements will be referred to as arrangement B and ar-
rangement C, respectively. The reflection coefficients and the
radiation efficiencies of these simulations are shown at the
top and bottom in Fig. 7, respectively. From the reflection
coefficients in Fig. 7 it becomes clear that placing the PCB
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Fig. 7: S11-parameters (top) and radiation efficiencies (bottom)
of the design shown in Fig. 6, the design where the PCB is
placed at the top of the salt water plane, the design where the
PCB is place at the bottom of the salt water plane, and the
design without the salt water plane.
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Fig. 8: Realized gains in dBi of arrangement A with cut angles
φ = 0°, φ = 90°, and θ = 90° at the frequency of 2.096 GHz.

in either arrangement B or arrangement C introduces a shift
in frequency compared to both arrangement A and when there
is no salt water plane present. From the radiation efficiencies
in Fig. 7 it can be concluded that these different placements
can further increase the radiation efficiency to 20.8%, which is
an increase of 15% compared to when no salt water plane is
present.

C. Salt Water Simulations with an Air Gap

A leaf does not have an entirely flat surface, so there will
likely be an air gap at some places between the leaf and the
PCB when implementing the design in a physical test. For
this reason, a simulation was done to study the sensitivity
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Fig. 9: S11-parameters (top) and radiation efficiencies (bottom)
of the design shown in Fig. 6, the design including an air gap
of 1 mm, and the design without the salt water plane.

to an air gap between the salt water plane and the PCB.
This simulation was done using arrangement A. The reflection
coefficient and the radiation efficiency are compared to the
reflection coefficients and radiation efficiencies of the case
without an air gap and without a salt water plane and are
displayed in the top and bottom of Fig. 9, respectively. From the
top of Fig. 9 it can be concluded that introducing an air gap of
1 mm results in a shift in frequency of 30 MHz compared
to the case without an air gap. This deviation is relatively
small considering the working frequency range and does not
affect drastically the matching performance. The bottom of
Fig. 9 shows that around the frequency where the structure
is matched the radiation efficiency decreases when an air gap
is introduced. The air gap of 1 mm however still improves the
radiation efficiency compared to when there is no salt water
plane. Therefore it can be concluded from these results that an
air gap does have an impact on the antenna performance, but
can still ensure an increase in radiation efficiency compared to
when the PCB is not attached to a leaf. Therefore it can be
concluded that the structure is robust.

IV. CONCLUSION

This paper describes the research whether the Antenna
Booster can excite a plant leaf. A PCB containing the Antenna
Booster and a MN was designed in CST Studio Suiter and
placed upon a leaf sized salt water plane representing a plant
leaf.

Simulations show that an increase in radiation efficiency of
9.6% was achieved by adding the PCB containing the Antenna
Booster to the center of a salt water plane. By placing the PCB
at either the top or bottom of the salt water plane, an increase
in radiation efficiency of 15% was achieved compared to when
no salt water plane is present. Therefore it can be concluded
that this implementation method holds promise for the future.

Introducing an air gap between the PCB and the salt water
plane does have an impact on the final performance of the
antenna. However, an air gap of 1 mm still improves the
radiation efficiency compared to when no salt water plane is
present. This indicates that an imperfection in the structure does
not decrease the radiation efficiency drastically and that the
structure thus is robust.
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