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Abstract In this work, the process of fractal-based rectangular microstrip patch antenna miniaturization was described. The principle
was to start from a conventional microstrip patch antenna of size 8.13×5 mm2 resonating at 11.71 and 16.84 GHz with − 12.09
and − 21.5 dB as reflection coefficients respectively, suitable for X and Ku bands application. Sierpinski Carpet’s approach was
implemented up to the third iteration on the conventional rectangular patch antenna. The design and simulation were carried out using
CADFEKO 7.0 software. The results of the proposed model show well-optimized characteristics for both resonant frequencies: 11.16
and 17.16 GHz with − 30 and − 29.93 dB as reflection coefficient respectively and better bandwidth enhancing from 2.87 GHz
for the conventional microstrip to 3.20 GHz for the proposed fractal antenna. The value of all antenna parameters such as VSWR,
gain, radiation pattern, Smith chart, Bandwidth, current distribution is an acceptable range. The size of the model obtained in the
third iteration could be reduced to about 67% of the size of the conventional rectangular patch antenna.

1 Introduction

Satellite communication competes with other forms of wireless communication. However, it becomes more solicited in geographic
areas at risk or in conflict or the radio communication facilities are more and more sold. Lightweight lost cost, multi-integrated
platforms, multiband antennae then become an attractive area for researchers to meet the need. Of the constituent components of
wireless communicating objects, the antenna remains the largest element, especially in recent decades; there has been a surge in
wireless communication systems between smaller objects [1]. Among the various types of antenna known so far, the microstrip
antenna has very attractive potential to meet these needs because of its particular characteristics such as its smaller size, its lightweight,
and above all its ease integration on planar as well as non-planar surface [2]. However, big challenge remains its bandwidth
enhancement which is generally very narrow [3] for conventional microstrip patch antenna (MPA) and reducing its size while
maintaining its performance in terms of gain and bandwidth. Consequently, the size reduction of the antenna has become imperative
to reconcile it with the whole wireless device. However, several techniques have been developed in order to meet the requirements of
the new situation. Among the most frequently encountered miniaturization methods, there are modification of the antenna geometry,
use of materials, optimization algorithms, and sometimes a combination of several methods.

The most used optimization algorithms as a method of reducing the size of the antenna are genetic algorithms (GA) [4], Particles
Swarm Optimization (PSO) [5, 6], Social Spider Algorithm (SSA) [7]. Indeed, from one algorithm to another, the field of application
is wide in electromagnetism, which constitutes one of the fundamental reasons why they are qualified [4] as global optimization
technical.
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The use of materials as dielectric substrate to reduce the size of the antenna has been subjected to more researches. Though,
among the materials commonly encountered in the literature, there are negative permeability and permeability materials [8, 9],
not found in nature. Furthermore, there are also materials with high permittivity and permeability [10, 11], whose manufacturing
conditions are much more complex, often in an environment of temperature up to 900◦C [11] which entails a very high cost for
these antennae, with less effective in terms of radiation and a narrow bandwidth [12].

Moreover, serious studies on the miniaturization of the antennae have been carried out directly on the geometry of the antenna
either by modifying the radiating element or the ground structure. Thus, the most common techniques are the Defected Ground
Structure (DGS) [13, 14], whose principles are based on the creation of single or multiple slots on the ground plane which are,
therefore placed under the radiation element in order to achieve complete suppression of the upper mode harmonics to obtain band
stop characteristics [15], but the impact on the reduction of size is less significant. The limit of this method of reducing the size of
the antennae has been unknotted by the use of the principle of the modification of the resonator like the defected microstrip structure
(DMS) [15], the most widely used is fractal geometry.

The design complexity of miniaturized dual-band antennae is known to antenna designers. Recently, researchers have turned to
using fractal geometry as a method of miniaturizing a multiband antenna. Moreover, this technique ranks among the most widely
used [16, 17]. Small size patch antenna Microstrip Combining Koch and Sierpinski Fractal-Shapes have been proposed in [18] to
resonate with 0.89125 GHz, 0.77125 GHz and 0.77375 GHz. The initial size of the square antenna was 60x60mm2, applying the
combined theory of Koch and Sierpinski, the size was reduced to 77.1%. In [19, 20], a series of miniaturized Microstrip patch
antenna using Sierpinski Curve is proposed. The conclusions of the works [20] have proved that the same frequency (2.725 GHz) is
maintained for these Microstrip strain sensors, however, the size of the antenna decreases with the number of iterations of Sierpinski
Curve. Minkowski’s theory has been widely used as a miniaturization technique [21–24]. The results were all satisfactory respecting
the principles of electrically small antennae.

Therefore, these antenna miniaturization techniques have been used for various applications, among them satellite communication.
X and Ku bands communication are among the sector par excellence where research has developed in the field of miniaturized
antennae. However, many fractal theories have been used to achieve these goals. In [25], a hexagonal antenna designed on Koch
geometry operates on the principle of frequency selective surface to be used for X-band applications was proposed. It has been
worked out that the more the number of iterations increases, the more the resonance frequency decreases. An antenna radiating in
the Ku and X band has been realized using the modified Sierpinski carpet technique in [26]. But however, the size was only relatively
reduced after the fourth iteration by removing 60 very small slots around the patch antenna with 1/27 as scaling factor of the basic
geometry. Moreover, in [27] is described a rectangular patch antenna with high radiation efficiency and directivity designed with a
half-ground plane and two semi-circular fractals. This Triple-Band Antenna operates in X, Ku, and K Band. To achieve the same
results as previously, in [28] the combination of the Koch and Sierpinski fractal method is used on modified rectangular antenna
patch for C, X and Ku band communication. After the second iteration, the size of the original antenna is reduced to the order of about
57.2%. Recently, in [29], a square fractal antenna, fed by Coaxial Probe feed was designed based on the Sierpinski carpet theory
applied to a square patch of size 20x20mm2 for X and Ku bands applications. After the third iteration, the antenna was considerably
reduced compared to the original antenna. High-frequency signals are increasingly exploited, however, the phenomenon of ambient
noise is more and more severe and worrying. However, important works have been elaborated in [30–37] on the traveling waves by
focusing on solitons. From these works, mathematical theories have been proposed to optimize traveling wave solutions.

The main goal of this paper is to design a miniaturized rectangular patch antenna using the Sierpinski carpet method for X and
Ku bands applications. The design process is based on the use of the Sierpinski carpet on a patch antenna of size 8.13x5x1.66 mm3

proposed in [38]. After the third iteration, the size of the initial antenna is reduced to approximately 77% of the initial antenna.

2 Antenna design

The geometric structure of the proposed antenna in this paper is carried out by using a model shown in Fig. 1 [38]. Its dimensions
are obtained according to the conventional operations of the rectangular patch antennae dimensions as described in [29]. The initial
antenna had two cropped corners responsible for circular polarization and the resonance is reached at 10 GHz as depicted in Fig. 2
[38] and was simulated in a range of 9 to 11 GHz. The design process of the proposed model begins by replacing the trimmed
corners with added slots as shown in Fig. 1 to achieve almost omnidirectional radiation. As from the initial model, the transmission
line mode has been maintained. However, the width of the line was reduced from 0.75mm to 0.65mm to obtain the expected results.

The antenna is constituted by a rectangular patch of 8.13mm × 5mm on a FR4 substrate of height 1.4mm and the dielectric
constant ε � 4.4. In Table 1 below, the dimensions of the model structure as presented above in Fig. 1 are summarized.

The principle of the Sierpinski carpet theory consists in dividing the initial rectangular patch in nine rectangles of equal dimensions
and removing the central rectangle. In the second iteration, there are 8 small rectangles each having 1/9 of the area of the initial
rectangle on which the same process is applied and so on until the desired iteration order. Assuming that A0 � 8.13 mm × 5mm is
the area of the initial rectangular patch, at nth iteration, the final area is An � ( 8

9

)n ∗ A0. We can, therefore, note from the notation
of the area of antenna that as n, the number of iterations increases, the area decreases up to zero when n tends to infinity. In our case,
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Fig. 1 Initiator of the proposed
model Ws, width and Ls the height of the substrate

W, width of patch and L its height 

Wl, width of the transmission line

Y, height of the slot 

g, width of the slot of the transmission line

whereLs

Ws

W

L

Y
Wl

Fig. 2 Different models of Sierpinski Carpet a 1st Iteration, b 2nd iteration, c 3rd iteration

Table 1 Dimensions of the
initiator antenna of the proposed
model

Dimensions Ws Ls W L Wl Y g h

Values (mm) 15 10 8.13 5 0.65 1 0.3 1.4

the Sierpinski Carpet method was carried out until the third iteration as shown in Fig. 2 to obtain the fractal patch antenna satisfying
the satellite communication on the X and Ku band.

The Sierpinski Carpet principle as described above led to a rectangular central slot of dimension W
3 ∗ L

3 mm2 at the first iteration
as depicted in Fig. 2(a). However, in addition to the central slot of the model of the first iteration, seven other slots of dimensions
W
9 ∗ L

9 mm2 were added in the second iteration. The proposed antenna as shown in Fig. 2(c) has twenty-eight (28) small slots in
addition to the second iteration model. These small slots are of dimensions W

27 ∗ L
27 mm2. Finally, a total of thirty-six (36) rectangular

slots of various sizes were achieved on the model of Fig. 2 (c).

3 Results and discussion

The readjustment of the parameters of the antenna of the model presented in [30] at the level of the width of the transmission line, the
re-installation of the cropped corners, the addition of the slots at the level of the transmission line, the reduction of the height of the
substrate made it possible to optimize the performance of the antenna. The results of the simulation of the zero iteration model over
a frequency range of 8 to 20 GHz are satisfactory. Therefore the rectangular patch antenna becomes a dual band Sierpinski Carpet
for X and Ku band application as presented in Fig. 3. Its resonance frequency fr1 � 11.71 GHz reaches its maximum at −12.09
dB, thus less adaptive, the second resonance frequency fr2 � 16.84 GHz reaches its maximum at −21.5 dB and both frequencies
present as bandwidths 0.44 and 2.87 GHz, respectively.

Figure 3 (a) illustrates the graphs of the modified model in [30] and the one serving as the initiator model of the proposed
antenna in this work. On observing these graphs, it can be clearly seen that the modification of the antenna structure influences its
performance. We find the frequency of 10 GHz, but with better adaptability, with a gain of 8 dBi. Meanwhile, the initiator model
emits on dual band, so the gains are respectively 7.5 and 6 dBi. The simulated radiation pattern shown in Fig. 4 of the model of
the zero iteration in dashes red and purple shows that side lobes occurred compared to the model in Fig. 1 [30]. As the gain is less
improved in the model serving as the base model, the beamwidth becomes larger at the frequency of 16.84 GHz.

From Fig. 5 above, the VSWR characteristics of the rectangular microstrip patch antenna, initiator of our model have 1.66 and
1.2 for the frequencies 11.71 GHz and 16.84 GHz respectively. These values already prove that the rectangular patch antenna can
already be useful for Ku band communication.

At the first iteration, the antenna is reduced by 0.89% of the conventional rectangular patch antenna. From the simulation results,
as shown in Fig. 6 (a), a significant improvement of the characteristics compared to the basic rectangular patch model was achieved.
The antenna resonated in two frequencies bands (11.71 GHz and 16.84 GHz). However, the results obtained from the model after
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Fig. 3 a The simulation curves of the reflection coefficient versus frequencies of model in [30] in blue and the zero iteration model in dash red and b the
radiation pattern in 3D for the first resonance frequency of the zero iteration model

Fig. 4 Summary of the radiation
pattern of the zero iteration model
in dashes red and purple and the
modified model presented in
Fig. 1 [30] in blue

Frequency 10.2

Frequency 11.71

Frequency 16.84

Fig. 5 Simulated VSWR of dual
band rectangular patch initiator

the first iteration are respectively 11.16 and 17.16 GHZ, i.e. a decrease of 0.65 GHz for the first frequency and an 0.11 GHz for
the second frequency. Therefore, the removal of the central rectangle contributed to the deviation of the electrical flow resulting in
better impedance matching. Therefore, the VSWRs in the two frequency bands are 1.07 and 1.06 respectively as shown in Fig. 6
(b). Figure 7 shows the current distribution zero iteration at 10.2 GHz microstrip patch antennae (Fig. 7(a)) and the first iteration
at 11.71 GHz and 16.84 GHz as shown in Fig. 7 (b) and (c) which present the level of current density at the surface of the patch
antenna. In zero iteration, large area the current density was observed over the entire structure (Fig. 7(a)). However, in a model
from the first iteration, the current density was more concentrated on the edges of the slot. The results thus obtained Compared to
the conventional rectangular model, the first iteration is well suited for X and Ku band services. And the radiation patterns of these
models are shown in Fig. 6 (c), (d).
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Frequency 11.71 GHz
Frequency 16.84 GHz

Frequency 11.16 GHz
Frequency 17.16 GHz

Fig. 6 Comparison of the characteristics of MPA initiator and the model after the first iteration a Graphs of Reflection coefficient versus Frequency, b Graphs
of VSWR versus Frequency, c and d Respectively the radiation diagrams of the model after the first iteration and the initiator model

Figure 8 (a) shows the comparison between the plots of the frequency versus S11 of the antenna obtained after the second iteration
and the third iteration. We can observe the resonance frequencies 11.05 and 16.73 GHz of the second iteration that shown a decreasing
compared to the first iteration which was 11.16 and 17.16 GHz, but a slight increase in bandwidth. However, both resonances of the
third iteration as we can see are exactly the same as presented in the first iteration. Even the radiation pattern as depicted in Fig. 7
(c) and Fig. 8 (b) are almost identical. The results of the proposed fractal–based rectangular microstrip patch antenna as we can see
in Fig. 8 show adequate characteristics with impedances well matched at different frequencies 11.16 GHZ in the range of interval
8–12 GHz used for X band communication and 17.16 GHz in the range of 12–18 GHz for Ku Band communication. Furthermore,
the VSWR is given in Fig. 8 (c). It is noted that, for both frequencies, the value of VSWR is almost 1.04 for 11.16 GHz and 1.13 for
17.16 GHz which is very efficient according to the conventional value of VSWR that should be between 1 and 2. Figure 9 shows
the current distribution of the second and third iteration models at their respective frequencies. At the two lower frequencies, the
level of current density at the surface of the patch antenna is distributed over the entire radiating element. However, at the higher
frequency, the current density was more concentrated at the edges of the feed line. The results of the models obtained from all the
iterations are summarized in Table 2.

From this Table 2, we can therefore see the summary of the results of the different models obtained after the application of
Sierpinski Carpet on the conventional dual band rectangular microstrip patch antenna of size 8.13x5mm2 can all be used for X and
Ku bands communication.
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Fig. 7 Surface current density of patch model a Zero iteration at 10.2 GHz, b First iteration at 11.71 GHz, and c First iteration at 16.84 GHz

Fig. 8 Comparison of the characteristics of second and the first iterations models a Graphs of Reflection coefficient versus Frequency, b The radiation
diagrams of the proposed model, c Graphs of VSWR versus Frequency, d The radiation diagrams of the second iteration model
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Fig. 9 Surface current density of patch model a Second iteration at 11.05 GHz, b Second iteration at 16.73 GHz, c Third iteration at 11.16 GHz, and d Third
iteration at 17.16 GHz

Table 2 Gains and reflection
coefficients for the model
presented

Initiator First iteration Second Iteration Third iteration

Freq. (GHz) 11.71 16.84 11.16 17.16 11.05 16.73 11.16 17.16

Gain (dBi) 7.5 7.5 7.5 6 7.5 7.5 7.5 6

Reflect. coeff. (dB) − 12.09 − 21.5 − 28.85 − 37.28 − 33.24 − 30.96 − 30.68 − 29.93

Size (mm2) 46.65 36.13 32.62 31.06

4 Conclusion

The Sierpinski Carpet Rectangular Microstrip patch antenna was proposed in this work. The Sierspinki Carpet theory was used
up to the third iteration on a rectangular patch of dimension 8.13 ∗ 5 mm2. The simulation results using CAD FEKO 7.0 of the
models successively obtained after the different iterations were optimized from the first to the third iteration. Therefore, a dual
band was achieved such as 11.16 GHz and 17.16 GHz.The proposed antenna can therefore be used for effective X and Ku bands
communication. Simulated gains varying between 6 and 7.5 dB were achieved for each of these models with reflection coefficients
less than − 28 dB. The size of the proposed antenna was deduced up to 67% of the conventional Rectangular Microstrip Patch
antenna. That antenna can still be adjusted to operate at same frequencies by increasing the number of iterations and acting on its
structure for a smaller antenna.

Data availability Data sharing not applicable to this article as no datasets were generated or analyzed during the current study.
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