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Photonic Band Gap Aperture Coupled Fractal Shape
Tri-Band Active Antenna
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Abstract—A modified Koch fractal shape is used to decrease the dimensions of an antenna and
resonates at more than one band for agricultural application. A new feeding technique of aperture
coupled method called a non-uniform annular Photonic Band Gap is applied in order to integrate the
designed antenna to the active elements. Subsequently, a transmission line transformer is designed
using Genetic algorithm to achieve a perfect matching between the active element (amplifier) and the
load (antenna). The proposed antenna is designed and fabricated. The results show that the proposed
antenna has a high gain of 20.5 dB, 21 dB, and 22 dB at 0.915 GHz, 1.8 GHz and 2.45 GHz respectively
with a compact size and low cost. The results predict its prospect as a promising alternative to the
conventional one, which is compatibly applicable to agriculture applications especially when multiband
function is required.

1. INTRODUCTION

Nowadays, the product protection against pest in agriculture becomes a challenging problem, and the
cooperation of the scientific fields to solve it is increasing. Therefore, protections of these products
before and after harvesting is a great concern. One of the most effective and destructive problems in
this matter is protecting them from grain insects. There are many strategies such as applying physical
and thermal methods, X-ray, microwave (MW) energy, etc. But among all these techniques, MW energy
was a promising way to terminate the insects present in grain products. The most important reasons
that forced the scientists to use the MW energy were having no chemical residues in food and thus no
side effects on the human body. MW energy also does not have adverse impacts on the environment
around. Insects cannot tolerate this treatment and even cannot continue developing [1–3]. Based on
the Federal Communications Commission (FCC), the approved frequency bands for this purpose are
47.5 MHz, 915 MHz, 1.8 GHz, and 2.45 GHz. According to [4, 5], microstrip antennas can be utilized at
microwave frequencies due to their small size, light weight, thin profile configuration, low fabrication
cost, inclination to mass production, etc. [6, 7]. In order to decrease the cost of the antenna caused
by its large dimensions, many techniques, such as changing and optimizing the shape of the antenna
to enhance the electrical length of the antenna, exploiting a substrate with high permittivity, using
reactive or resistive loading, and applying and altering notches or stubs positions on the patch, can be
applied as reported in [8]. Furthermore, there are some other ways that can be useful. For instances, the
defects in the patch metallization lead to noticeable radiator miniaturization. However, one can observe
that such a technique decreases antenna resonant frequency, so antenna optimization is necessary. An
integrating approach to antenna miniaturization involves the utilization of metamaterials. However, the
use of artificial materials leads to certain fabrication problems, and the design process becomes complex.
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One of the solutions to above limitations can be reached by means of fractal curves. It has
been reported that the application of space filling fractal curves enables us to achieve considerable
miniaturization and also wideband and multi-band properties [9, 10]. Hence, in order to optimize the
shape of patch and not to face the aforementioned problems, a fractal shape can be used which was
first introduced in 1975 [11]. Currently, the fractal antenna geometries are widely utilized in many
applications such as wireless communication systems due to their compact size, low cost, capability
of multi-band operation, ease of feeding, wide bandwidth, multiband and low profile [12, 13]. The
most common fractal geometries which have been used in antenna designs are the Sierpinski gasket or
carpet fractal [14], Hilbert fractal [15], Minkowski [16], Square Curve fractals and Koch fractal [17]. In
microwave networks, matching the source and the load to the transmission line or waveguide is necessary
for maximum power delivery [18]. Several works have been done to demonstrate different techniques of
matching transformers for two arbitrary frequencies [19–21]. The Chebyshev filter, Genetic Algorithm
(GA) and Particle Swarm Optimization (PSO) algorithm can be used in order to speed up the solving
process and optimize the results easily.

Passive antennas have some drawbacks compared to active antennas in radiating structures, and
their gain and bandwidth are less [22]. Active antennas have several advantages such as increasing
the effective length of the antenna, enhancing the bandwidth, reducing the mutual coupling between
two array elements and improving the noise factor [23]. Active antennas can be made by integrating
the passive part with an active element as diodes or transistors [24]. Various interests in wireless
communication systems, incompatibility and efficiency have made a fast progress and growth in the
microwave and monolithic microwave integrated circuit (MMIC) technologies [25]. As an important
building block in wireless systems, low noise amplifier (LNA) can be defined as a receiver’s performance.
Generally, for designing the LNA, some considerations should be kept in mind, such as optimum input
matching, optimum gain, low power consumption, high linearity and low noise figure [26].

In this work, a triple-band active antenna using fractal shape is presented for agriculture
applications. A non-uniform annular Photonic Band Gap (PBG) aperture coupled feed method is
utilized to integrate the designed antenna to the active elements. Then, GA algorithm is used to
match the active element (amplifier) to the load (antenna). Evidently, the proposed method makes the
design method for active antennas simpler and more efficient. Finally, a high gain active antenna with
high-quality performance is demonstrated.

2. PASSIVE ANTENNA DESIGN

Selecting the substrate material for an active antenna is a crucial factor that should be considered in the
antenna design. The substrate selection should be done carefully; a thick substrate with low permittivity
for the patch layer to have better radiation efficiency and larger bandwidth and a thin substrate with
a high permittivity for the feed line to shrink the undesired radiations and coupling [27, 28]. In this
work, for radiator patch, four layers of RT Duroid 5880 with dielectric constant of 2.2 and thickness
of 0.787 mm is selected and stacked with each other using super glue with εr = 3.3. Moreover, an
FR4 substrate with εr = 4.4 and a thickness of 1.6 mm as the thinner layer is used for the feed line
which is integrated with the LNA circuitry. Four elements of modified Koch fractal shape compounding
with a square loop [6] have been applied to reduce the antenna size and function as an antenna at three
frequency bands. As illustrated from Fig. 1, the proposed passive antenna includes a Koch fractal shape
which has been modified as a patch, and seven shorting pins connect the patch to the ground where the
antenna is fed by a 50 Ohm SMA connector. Table 1 indicates the dimensions of the antenna.

Table 1. Passive antenna dimensions.

Ls (mm) 70
Lp (mm) 58.26
Ws (mm) 70
Wp (mm) 58.26
W (mm) 3
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(a) (b)

Figure 1. Prototype of the passive antenna, (a) top view and (b) perspective view.

First, a single element of 90-degree modified Koch fractal shape compounding with a circularly
polarized (CP) square loop microstrip line (Fig. 2) as a monopole antenna with a half-wave length
according to the first resonant frequency (at 0.915 GHz) is designed. The modified Koch fractal is
constrained up to the second iteration only. Increment in iterations enhances the small edges mostly,
which is practically useless in increasing the electrical length.

Figure 2. CP square loop microstrip line (a), the proposed modified Koch element compounded with
CP square transmission line (b).

Then, to have more than one resonant frequency, the elements of the radiator patch are increased
to two, three and four elements. Based on the reasons explained before, a modified 90-degree Koch
fractal shape antenna is compounded with the CP square loop microstrip line to decrease the antenna
as much as possible.

Afterward, seven shorting pins (via) connect the patch to the PBG which plays as the aperture
part of the feeding technique (Aperture Coupled Feeding). The reasons behind using the shorting pins
can be seen in the next paragraph. The size of the patch can be reduced by using shorting pins. In
addition, for further size reduction, the shorting pins are used as a loading in such a spot (location on
the antenna) where the electric field or current density is high at desired frequency. The shorting pins
can be located either at the edge or at the corner. For instance, a shorting pin at a corner of the patch
gives us a maximum reduction in antenna size. Moreover, applying shorting pins at the edge of the
radiating patch can yield a higher loading effects, and the resonant frequency is lower when the shorting
pin is located at the edge and corner, thus maximum reduction of the antenna size is achieved at this
location of shorting pin. However, a good reduction can be achieved by pin loading, but it reduces the
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gain and bandwidth (BW). In spite of the decrement in gain, BW can be compensated by applying
compact antenna layers, aperture coupled feeding, etc.

According to surface current intensity around the rings presented in Fig. 3, the shorting pins’
positions can be optimized to suppress the surface current intensity, surface waves and fringing fields.
Thereafter, a PBG structure is applied as an aperture for aperture coupled feeding technique. Moreover,
surface wave as a serious problem in the design of microstrip antenna can be suppressed. When
the substrate permittivity εr > 1, surface waves will be infused on microstrip antennas [29]. Some
unfavorable specifications such as end-fire radiation, edge diffraction, and incorrect coupling between
different antenna elements caused by surface waves. The aforementioned characteristics of surface waves
will create reduction in antenna efficiency, gain, restriction in the BW and raising cross polarization
level. Besides, miniaturization of the microstrip antenna and the integrated MW circuits might be
hindered due to high permittivity of substrates.

The ground is periodically loaded by three annular rings. Therefore, the surface wave can be
suppressed to present a forbidden frequency range (bandgaps or stop band) for the antenna at the
operating frequency. Furthermore, the coupled space wave with radiated power and the other destructive
effects such as board system interference and mutual coupling between elements will be hindered
hereinafter [30, 31].

(a) (c)(b)

Figure 3. Current distribution around the patch and annular rings.

Figure 4. Annular PBG structure.
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Three non-uniform ring-shaped patterns are etched from the ground layer with a period of ‘a’. Two
main parameters that should be well considered to obtain the stopband characteristics are the period
‘a’ of the rings as a width of the rings and the filling factor ‘r/a’ (r is the radius of the rings). As
can be illustrated from the following figure, ‘a’ is unchanged, and ‘r’ for each ring declines compared
to the first ring (first ring for first band operation) [32]. As can be seen in Fig. 4, the first ring (outer
ring) is the biggest, and it is related to 0.915 GHz, while the second (middle ring) and third (inner ring)
are designed at the frequency of 1.8 GHz and 2.45 GHz, respectively. In accordance to surface current
intensity around the rings, the shorting pins’ positions can be optimized to suppress the surface current
intensity, surface waves and fringing fields.

3. ACTIVE ANTENNA DESIGN

After the passive antenna performance is designed and the result validated through simulation and
measurement, it is tangible that the gain of the designed antenna is low and not applicable for the
design purpose. Therefore, in this study, a surfacemount amplifier ‘LEE-39+’ as an active element
is used to enhance the gain of the designed antenna. Based on the amplifier’s data sheet [33], this
amplifier has an internal impedance equal to 50 and a gain of 22.3, 18.7, 14.7 dB at 0.915, 1.8 and
2.45 GHz, respectively [33]. The real part of the input impedance of the designed passive antenna itself
(Z11) at the operating frequency 0.915 GHz is 87 Ω, and it is not matched to the amplifier impedance.
Consequently, an impedance matching circuit is presented to transfer the maximum power from the
amplifier to the antenna. A three-section transmission line transformer (TLT) matching method is
applied to solve this problem (Fig. 5). To get the best and optimized values of every section of TLT
from the simulation, two different optimizing methods are exploited apart from the analytical method
and Chebychev filter.

Figure 5. Three sections transmission line transformer [34].

As illustrated in Fig. 5, each section of the 3-section transformer consists of two variables, namely
impedance (Z) and electrical length (βL). The analytical method presented in [35] is applied to get the
actual values of every section, and then the Chebyshev filter technique reported in [18, 36] is applied
for validation purposes. Afterward, two different algorithms are used to optimize the obtained values of
the transmission line transformer specifications. First, Particle Swarm Optimization (PSO) algorithm
is exploited to obtain the valid variables needed. To use the PSO for a given problem, each member in
the swarm is called a particle with assumed number of M = 50. The considered members exist in an
N -dimensional solution space to alter their positions in accordance to either their last best performance
or the other particles’ best previous performance in the swarm. For every member in the N -dimensional
problem, two M by N matrixes of a velocity (v) and position (x) are specified [26]. Here, PSO algorithm
is performed using the assumed parameters as follows: M = 50, c1 = c2 = 2, Vmax = (1 + k)/2 where
k is the impedance transformation ratio, k = ZA/Z0. The stopping standard is that either a fitness
(desired) value (in the simulation is considered less than 10−6) or a maximum number of 10,000 iterations
is reached. Furthermore, to have the final compact design, the following limitations are defined: less
than λ1/4 for length of each section which is the wavelength at the first band design frequency. As
an initiation for PSO algorithm usage, the impedance and length values are randomly applied with
the intervals for impedances between ZA and Z0, and lengths between λ1/10 and λ1/4, respectively.
Moreover, in the simulation process, f1, f2, f3, ZA, Z0 are considered constant and equal to 0.915 GHz,
1.8 GHz, 2.45 GHz 87 Ω, 50 Ω, respectively. But the best solution cannot be achieved from the first run,
thus, the simulation running continues more than 10 runs to approximately get the desired solution.



130 Saeidi et al.

Figure 6. Transmission line transformer circuit in CST design studio.

Figure 7. Front view of the proposed active antenna.

The second technique of the optimization is the Genetic Algorithm (GA). The details and required
equations are presented in [34, 37]. After achieving the result values from each of the algorithms, the
proposed active antenna is implemented using CST Design Studio as illustrated in Fig. 6. Obviously,
the GA’s outcomes are the best among them because of the perfect matching and less spending time
for simulation and running as will be discussed in the next section. In the simulation, each section has
the length in degrees, and it can be changed to mm, while the width in mm can be extracted from
impedance in Ohm [35].

Subsequently, the simulated results of the modified Koch fractal active antenna and TLT circuit
are validated, and the proposed design of TLT is fabricated. As a next step, the feeding layer should be
changed to a new one with the TLT matching circuit and the amplifier [28]. These steps of the whole
simulation can be seen in Figs. 7 and 8, respectively.

Later, the measurement process is divided into two parts. The first part is to measure the S-
parameters, and the second one is to measure the gain of the antenna. For measuring and validating
the simulation outcomes, a Vector Network Analyser (model: Anritsu 37347D) with a frequency range
of 40 MHz–20 GHz is used. At the beginning of the measurement process, one port calibration method is
performed based on partial Thru-Reflect-Line (TRL) with the VNA in accordance to Agilent’s standards
(short, open and terminator) using calibration kit model 3652. Then, the measured results are compared
with the simulated ones. To measure the gain of the antenna, the method presented in [38] is utilized.
In each measurement process, the proposed antenna is connected to the transmitter, which is a Signal
Generator (model: Anritsu-MG3700A) with the frequency range of 250 KHz–3 GHz, and antenna with
a known gain is connected to a receiver, which can be a Spectrum Analyser (model: ADVANTEST
R3267) with a frequency range of 100 Hz–8 GHz. The results are presented in the next section.
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Figure 8. The feeding view of the proposed active antenna with TLT circuit.

(a) (b)

Figure 9. Photograph of the fabricated passive antenna. (a) Top layer and (b) bottom layer.

4. RESULTS AND DISCUSSION

4.1. Passive Antenna

The proposed antenna performances are investigated and simulated using CST simulator in terms of
gain, radiation efficiency, and reflection coefficient. After choosing the most applicable feeding type for
the antenna, it is integrated with the active component. To achieve this, the substrate thickness of
the patch layer should be thicker with less permittivity. Fig. 9 shows photos of the fabricated passive
antenna, and its reflection coefficient result is demonstrated in Fig. 10. As can be seen from Fig. 10, the
simulation result produces center resonant frequencies at 0.915 GHz, 1.8 GHz, and 2.45 GHz. Meanwhile,
the measured result generates the center of resonant frequencies at 0.915 GHz, 1.60 GHz, and 2.20 GHz.
It is also depicted that the antenna achieves the resonant frequency between 1.75 GHz and 1.9 GHz with
reflection coefficient level of −10 dB. It is shown that there is a small deviation for the second and third
resonances with deviations of 0.20 GHz and 0.25 GHz, respectively. The simulated frequency is shifted
slightly to higher frequencies. There are two undesired resonances which are pointed with circle marker.
These two new harmonics and the frequency shifting occur due to the unwell distribution of the air
and the super glue used to paste the layers and fabrication tolerances. The passive antenna’s radiation
properties are presented in Table 2.
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Figure 10. The simulated and measured reflection coefficient results of the passive antenna.

Table 2. Characteristics of the passive antenna.

fr (GHz) Radiation Efficiency (%) Z (Ω) Gain (dB) VSWR
0.915 50 87 0.2 1.8
1.8 40 34.5 0.512 1.5
2.45 78.14 66.13 2.52 1.3

Table 3 shows the comparison of the proposed passive antenna with some recent analogous works
with respect to the size reduction. The proposed antenna has a miniaturized size almost by 18%, 70%,
30%, 65%, 65%, 12.5%, and 12.5%, respectively.

Table 3. Size reduction comparison between the proposed antenna and previous works.

Antennas Dimensions (mm) (L × W)
Proposed

design
70 × 70

[39] 80 × 86
[40] 92 × 240
[41] 85 × 100
[42] 200 (diameter- circle shape)
[43] 200 (diameter-circle shape)
[44] 80 × 78.93
[45] 80 × 80

4.2. TLT DESIGN

According to the figures presented in Table 2, the antenna has a good matching impedance where the
Voltage Standing Wave Ratio (VSWR) is less than two at 915 MHz, 1.8 and 2.45 GHz. In addition, it has
a considerable gain and radiation efficiency. The antenna is bidirectional at the higher frequencies and
unidirectional at the lower one. Due to the low gain of this antenna, an active component (amplifier) is
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Table 4. TLT dimensions using four different methods.

Method W1 (mm) W2 (mm) W3 (mm) L1 (mm) L2 (mm) L3 (mm)
Analytical 2.517 1.791 1.213 58.500 32.600 58.500
Chebyshev 2.46 1.79 1.24 58.500 58.500 58.500

PSO 2.44 1.78 1.26 37.000 40.000 35.400
GA 2.46 1.799 1.25 40.000 42.000 40.000

Figure 11. The simulated reflection coefficient result of the proposed active antenna using four different
methods of impedance matching.

integrated to the antenna for gain enhancement. Then, four different methods of impedance matching
are analysed to effectively match the passive antenna to the amplifier. The dimensions for each part of
the TLT are shown in Table 3, while the results of S11, Z11 and VSWR at each resonance frequency are
presented in Table 4.

As shown in Table 4, after applying all the four methods to TLT to achieve a perfect matching
between the amplifier and the antenna, the extracted results from the GA optimization technique
demonstrate the best matching results among the other methods. Fig. 11 shows the reflection coefficient
simulation result of the proposed active antenna using four different matching methods.

4.3. ACTIVE ANTENNA

The fabricated active antenna prototype with the active element (amplifier) together with the biasing
circuit and the TLT is shown in Fig. 12. For comparison purposes, the reflection coefficient results of
the proposed active antenna can be demonstrated from Fig. 13, while the simulated and measured gains
are presented in Table 5. Good agreement between the simulated and measured results is obtained. As
can be shown from Table 5, the output gain of the antenna is totally improved using the amplifier.

As depicted in Fig. 13 for the simulation and measurement result, the active antenna generates
center resonant frequencies at 0.915 GHz, 1.8 GHz, and 2.45 GHz (simulation result). Meanwhile, the
measurement result illustrates the center of resonant frequencies at 0.878 GHz, 1.78 GHz, 2.40 GHz and
2.61 GHz. It is also depicted that the antenna achieves the acceptable bandwidth between 1.5 GHz and
1.9 GHz and the range from 2.20 GHz to 2.75 GHz with reflection coefficient level less than −10 dB.
Furthermore, it is shown that there is a deflection for the third resonance with deviation of 0.160 GHz.
There are two undesired resonances which are pointed with circle marker in passive reflection coefficient’s
figure. These two new harmonics and the frequency shifting which occur due to the unwell distribution
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(a)

(b)

Figure 12. Photograph of the fabricated active antenna. (a) Front view, (b) feeding view and biasing
circuit.

Figure 13. The simulated and measured reflection coefficient results of the proposed active antenna.
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(A)

(B)

Figure 14. The radiation pattern for the Passive (A) and active antenna (B) at (a) 0.915 GHz, (b)
1.8 GHz and (c) 2.45 GHz.

Table 5. Summary of the antenna performance using the four methods.

Methods
fr (GHz)

0.915 1.8 2.45

Analytical
S11 −18.48 −16.71 −20.43
Z11 45.43 65.74 47.23

VSWR 1.27 1.35 1.21

Chebychev
S11 −23.48 −11.54 −16.48
Z11 41.82 30.79 50.44

VSWR 1.36 1.73 1.14

PSO
S11 −18.95 −13.4 −16.83
Z11 41.13 56.82 51.77

VSWR 1.27 1.55 1.33

GA
S11 −26.95 −21.04 −20.31
Z11 53.2 43.11 51.2

VSWR 1.09 1.2 1.2

of the air, the super glue (is used to paste the layers) and fabrication tolerances are removed after
matching by the TLT. Besides, Fig. 14 shows a little change in the beamwidth which becomes wider for
the active antenna than the passive antenna. In addition, Fig. 15 illustrates a good agreement at the
desired resonant frequencies for the measured and simulated radiation efficiencies.



136 Saeidi et al.

Table 6. The simulated and measured gain.

Frequency

(GHz)

Measured gain of the

passive antenna in (dB)

Simulated gain of the

active antenna in (dB)

Measured gain of the

active antenna in (dB)

0.915 0.2 21.75 20.9

1.8 0.512 20.362 19.85

2.45 2.52 21.1 20.88

Figure 15. The radiation efficiency of measured and simulated proposed antenna.

5. CONCLUSION

A new concept of high-gain active antenna design using aperture coupled feeding for agriculture
application is presented in this paper. Based on the FCC and application requirement, the proposed
active antenna is capable of resonating at three different frequencies, 0.915 GHz, 1.8 GHz and 2.45 GHz.
A new fractal shape patch by mixing a modified fractal Koch fractal shape and the square loop is applied
to achieve a multi-resonance antenna and feasible size reduction. A novel PBG structure is exploited as
an aperture in order to remove undesired harmonics and build a stop-band and pass-band. Furthermore,
the proposed passive antenna has a miniaturized size almost by 18%, 70%, 30%, 65%, 65%, 12.5%, and
12.5%, respectively. Consequently, the proposed active antenna has a high gain, VSWR less than two,
and good radiation efficiency. The results show that the proposed active antenna is a suitable choice for
the target application. The measured gains are 20.9 dB, 19.85 dB and 20.88 dB at 0.915 GHz, 1.8 GHz
and 2.45 GHz, respectively, which shows a good agreement with the simulated ones.
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