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 This paper presents a novel bandwidth enhancement technique in which  
a passive stack of third order Sierpinski carpet fractal antenna is parasitically 
coupled to the driven element that is also a Sierpinski fractal of third order. 

Edge feeding technique is used. The passive stack placed symmetric to  
the driven elements provide the combined benefits of horizontal and vertical 
parasitic coupling, with added advantage of miniaturization contributed by 
fractal technology. Result of the study indicate that the antenna array provide 
triple band with a large inter-band separation that mitigates the effects of 
inter-band interference. The first band at 6.1Ghz with bandwidth of 250Mhz 
supports mobile wireless and fixed satellite service, the second band at 
7.1Ghz with 350Mhz bandwidth supports mobile wireless, fixed wireless and 
fixed satellite service. The third band is at 11.6Ghz with bandwidth of 

1.4Ghz and supports fixed wireless and fixed satellite services. The number 
of elements in the parasitic stack influence array performance in terms of 
bandwidth, gain and directivity. The bandwidth in the third band increased 
from 1.5Ghz for two-element stack to 1.7Ghz for three-element. This has an 
advantage over conventional antenna array, that use more active antenna 
elements that have the limitations of more power consumption and large 
space occupancy.  
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1. INTRODUCTION 
The lower portion of the frequency spectrum is almost saturated, and the emerging wireless 

technologies demand antenna array that exhibit large bandwidth with a wide inter-band separation to mitigate 

adjacent channel interference. Also, the antenna array must support multiband operation and be miniaturized 

in terms of size and weight, that is highly desirable in satellite and air-borne applications [1]. Researchers 

have used different antenna technologies to achieve wide-band and multiband operations. Bandwidth 

enhancement can also be achieved by using microstrip antenna array with air as substrate. In [2], patch 

antenna has been designed with air substrate, but the bandwidth enhancement is not significant.  

Another bandwidth enhancement technique is the use of slots. In [3], attempts to apply an adaptive network-

based fuzzy inference system (ANFIS) for analysis of the resonant frequency of a microstrip patch antenna 

with two equal size slots placed on the patch in the form of parallel to resonance edges is proposed.  

The bandwidth is good, but exhibits poor gain and directivity. In [4], design of a T and L slotted microstrip 
patch antenna for future mobile and wireless communication is proposed. The antenna has good bandwidth 

improvement, again with poor gain and directivity. In [5], bandwidth enhancement technique by using  

T-shaped slot operating at 2.4Ghz using proximity coupled feeding is presented. The proposed antenna 

operates at 2.4Ghz and 4.5Ghz supporting C-band and satellite applications. The gain and directivity 

improvement is not significant.  
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Bandwidth can also be enhanced by using annular rings. In [6], a new design for the annular ring 

microstrip antenna that utilizes two shorting pins to reduce the antenna to 25% of its original size by 

decreasing the resonant frequency is proposed. The antenna exhibits omnidirectional pattern and is vertically 

polarized. In [7] a dual band annular ring patch antenna is investigated using the equivalent circuit concept. 

Two symmetrical rectangular notches are etched in radiating ring patch with respect to feed point. It is 

observed that the resonant frequency is directly proportional to the notch width and notch length.  

The bandwidth of the antenna at lower and higher ends are 134 MHz(1.815-1.681GHz) and 212MHz  

(2.849-2.637GHz).  
Another bandwidth enhancement that has gained prominence is the gap coupled technique. In this 

technique, only one driven element is parasitically coupled to other elements which act as parasitic elements. 

This technique provides better gain and directivity but the bandwidth obtained is not significant. However, 

there is sufficient inter-band seperation that mitigates adjacent band interference [8-10]. Another antenna 

technology towards bandwidth enhancement is horizontal parasitic coupling. The procedures use the concept 

that if the resonant frequency of the coupled element or elements is slightly different to that of driven patch, 

then the overall bandwidth of the antenna could be enhanced. Bandwidths in the order of 20% have been 

achieved using this enhancement technique. This method, however have the limitation of occupying more 

space, and the improvement in antenna characteristics by using more parasitic elements add to the grating 

lobe problem [11]. By using additional microstrip patches directly coupled to the radiating or non-radiating 

edges of a rectangular microstrip antenna, broadband microstrip antenna can be designed. However,  

the limitation of this is the increased antenna size [12].  
To mitigate the problem of more space occupancy by the horizontal parasitic coupling, another 

technology for bandwidth enhancement is stacking. A stacked microstrip antenna with H-shaped parasitic 

patch for multiband applications is presented in [13]. The antenna exhibits multiband and wideband 

operation, but has low gain and directivity. In [14], a dual band stacked micostrip antenna array is presented 

for wireless local area network. Stacking of the patches is done to achieve dual band and resonant slot to 

achieve greater bandwidth. The antenna shows a bandwidth of 228.3 MHz from 3.63 to 3.86 GHz and 232 

MHz from 5.15 to 5.38 GHz. To obtain large bandwidth at the same time obtain miniaturization, fractal and 

stack technology is integrated. In [15], a novel design of a stacked two layer microstrip patch antenna with 

wideband characteristics is proposed. The impedance bandwidth of single layer patch is 7%. After using 

stacking and fractal methodology, the impedance bandwidth increases up to 69% ranging from 7.5GHz to 

14.4GHz with acceptable return loss. In [16], the design and analysis of a triangular shape inverted fractal 
patch antenna is proposed and shows miniaturization and multiband operation without degradation of its 

gain. It is found that second iterated structure resonates at 2.3367 GHz, 5.39 GHz, 7.58 GHz with 

corresponding gain 8.68 dB, 7.30 dB and 6.33 dB. In [17], an antenna array is formed using Giuseppe Peano 

fractal patches for achieving both wideband and high gain properties is proposed. The simulation and 

measurment results contribute to wideband, high directivity and high aperture efficiency. However, the inter-

band seperation is not significant. A dual frequency broadband microstrip antenna with a reactive loading and 

stacked elements is proposed in [18].The results exhibit enhanced bandwidth and gain with some betterment 

in inter-band seperation.  

From the literature review, we see that, using a single patch with different techniques such as air 

substrate, slot loading, integrated reactive loading and annular ring provide a bandwidth improvement of 

about 8%, which is not adequate for wireless systems. Using multiple antenna elements could be one solution 
of bandwidth enhancement. Using horizontal parasitic coupled antenna does provide a bandwidth 

improvement of about 20 % which is good enough, but they occupy more space [19]. Bandwidth 

enhancement is also achieved by parasitic gap coupling of identical antenna. Here a single rectangular 

microstrip patch is split into equal smaller elements along the width, keeping the length same. Of these,  

one of the elements is fed while others are gap coupled to its non-radiating edges [20]. Stacked antenna 

provide good bandwidth enhancement, but not good gain and directivity.  

The novelty of the proposed work is that there is a single third order Sierpinski carpet driven 

element that horizontally couples the stack of passive elements placed symmetrically to the driven element. 

The elements in the stack are also Sierpinski carpet of third order. Inset feeding technique is used.  

The parasitic elements in the stack are increased gradually, and its influence on bandwidth enhancement and 

improvement in radiation characteristics in the form of gain, directivity and radiation efficiency is 

investigated.  
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2. RESEARCH METHOD 

2.1.  Design of patch antenna 

A rectangular patch antenna is designed to operate at 3.5Ghz by using Rogers RT /duroid 5880(tm) 

dielectric material with a dielectric constant of 2.2. The dielectric constant of the substrate   is typically in 

the range of 2    12 [21]. When it comes to dielectric material choice, a material with lower value of 

dielectric constant, by default represents a thick dielectric material, and a thick dielectric material facilitate 

bandwidth enhancement. Using the expression for the limiting value for the height of the substrate, defined 

by, 0.003           , and using the dielectric material manufacturer data sheet,the selected height of 
the dielectric substrate is 1.575mm.Using the resonant frequency,relative permittivity and thickness of the 

substrate, the dimensions of the patch, ground plane and feed are determined. This is presented in the 

following section:  

 

2.1.1. Dimension of the patch 

Rectangular patch antenna width (w):  
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The length of the patch ( ): 
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L=30.30-2(0.8) = 28.7mm 
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2.1.2. Dimension of the feed 

Length of feed    ): 
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Width of feed is given by:  
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W= 4.42mm 

 

2.1.3. Dimension of the ground plane 

Dimension of ground plane width      and length(   ): 
 

Ground plane width     =          (7) 

 

   2(14.4mm) +33.9mm= 62.7mm 

 

Ground plane length(   ) =        

 

                         (8) 
 

The simulation parameters are listed in Table 1.  

 

 

Table 1. Simulation parameters 
Simulation Parameter Value of parameter 

Resonant Frequency 3.5Ghz 

Dielectric substrate Rogers RT Duroid/5880 

Relative Permittivity 2.2 

Height of substrate 1.575mm 

Patch width 33.9mm 

Patch length 28.7mm 

Length of feed 14.44 

Width of feed 4.42mm 

Width of ground plane 62.7mm 

Length of ground plane 57.5mm 

 

 

2.2.  Design of sierpinski carpet fractal antenna 

When we apply the concept of fractals to design antennas, a fractal can fill the space occupied by 

the antenna in a more effective manner than the traditional Euclidean antenna. This leads to more effective 
coupling of energy from feeding transmission lines to free space in less volume. These space-filling 

properties lead to curves that are electrically very long, but fit into a small physical space. This property can 

lead to the miniaturization of antenna elements [22-25]. The fractal-dimension is defined as a measure of the 

space-filling properties and complexity of the fractal shape. Fractal dimension is similar to Euclidean 

dimension, with the dimension of a line is 1, planer surface is 2, and box is 3. The fractal dimension is always 

in the range of       and it depends on the fractal type. For example, the dimension of Sierpinski is not 

the same as Koch fractal. To determine the fractal dimension, one can simply use the power law relation 

between the number of pieces,   and the reduction factor,   [26], defined in (10).  

 

  
 

  
 (9) 

 

taking logarithms on both sides for, we get 
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             (10) 

 

Equivalently,  
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Where   is,      ,  

 

2.2.1. Iterated Function Systems (IFS) 

An iterated function system is a method or algorithm to generate different fractals types. This 

algorithm uses an affine transformation [27] given in (12), 
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where the parameters  ,  ,   and   are real numbers and define the rotation and scaling coefficient of initial 

geometry, and   and   define the translation variables.  

This can be written more clearly as [28] in (13),  
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This may be rearranged as given in (14),  
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Where   and   are the scaling factors in    and    axis respectively, while   defines the rotation angles in 

    plane, and the variables,   and   define the translation variables.If we assume n number of sets of affine 

transformation, i.e                , and if we have   to be an initial image, applying this set of 

transformations on the image generates a set of self-affine copies given in (15). 
 

                         (15) 

 

where, W is known as the Hutchinson operator.  

The IFS is very important method to design fractal antennas for different applications.  

The construction of Sierpinski carpet is similar to the construction of Sierpinski gasket but instead of triangle, 

a square is used as a starting geometry. The square is subdivided into 9 congruent squares and the middle 

square is removed for first iteration. This construction method continues until the desired third iteration for 

the proposed study is obtained. The evolution stages for Sierpinski carpet is shown in Figure 1.  

 

 

 
 

Figure 1. Evolutionary steps of the Sierpinski carpet [22] 

 

 

3. RESULT AND ANALYSIS 

The patch antenna designed to operate at 3.5Ghz is subjected to third order Sierpinski carpet fractal 

technology. Two parasitic elements are placed symmetrical to the driven element, and the performance of the 

parasitic coupled array is evaluated using return loss,voltage standing wave ratio(VSWR), impedance 
bandwidth, gain and directivity, and antenna efficiency. Next, a stack of two parasitic elements is designed, 
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and placed symmetrical to the driven element and the performance evaluated. The same procedure is repeated 

for the stack with three parasitic elements. Finally, the influence of the number of parasitic elements in the 

stack on antenna performance is evaluated. This is discussed in the following section.  

 

3.1.  Driven element parasitic coupled to symmetric parasitic elements 

The third order Sierpinski carpet fractal is used as the driven element using inset feeding technique, 

and two Sierpinski fractal of third order are placed symmetric to the driven element and coupled parasitically. 

The distance of separation between driven and parasitic element is kept at half wavelength to minimize 
mutual coupling effects. This arrangement is shown in Figure 2. Performance of the parasitic array is 

evaluated using the following metrics.  

 

 

 
 

Figure 2. Driven element parasitic coupled to Symmetric Parasitic elements 
 

 

Return loss [29]: - Return loss parameters reflects the matching condition attained and it helps us to 

evaluate the impedance bandwidth. This is shown in Figure 3. It is clear that the antenna operates at three 

bands of 6 GHz, with impedance band width of 250 MHz, 7.1 GHz with impedance bandwidth of 350 MHz 

and 11.6 GHz with impedance band width of 1.4 GHz.The corresponding return loss are -14.81 dB, -14.57 

dB and -17.69 dB at 6Ghz, 7.1Ghz and 11.6Ghz respectively.  

VSWR: - The theoretical limiting value of VSWR is 1 to 2 for a good antenna design. The VSWR 

for the designed antenna is 1.4 for 6 GHz band, 1.45 for 7.1 GHz band and 1.29 for 11.6 GHz band which 

reflects that the proposed antenna design is optimal. This is shown in Figure 4.  

 
 

 
 

Figure 3. Return loss plot for Figure 2 

 

 

 
 

Figure 4. VSWR of Figure 2 
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Directivity, gain and radiation efficiency 

The proposed antenna shown in Figure 2 exhibits peak directivity of 7.97, peak gain of 7.4 which is well 

beyond an isolated fractal antenna. The results are tabulated in Table 2. The designed antenna exhibits an antenna 

efficiency of 93 % which is good enough for majority of wireless applications. This is shown in Table 2.  

 

 

Table 2. Peak gain, directivity and radiation efficiency of Figure 2 

 
 

 

3.2.  Driven element parasitic coupled to a symmetric parasitic stack of two element 
A two element stack of parasitic elements is placed symmetrically to the driven element half lambda 

apart and this arrangement is shown in Figure 5. The distance of separation between the two parasitic 

elements in the stack is 3mm, and air is the dielectric material used. The influence of symmetric two elements 

parasitic stack on antenna performance is evaluated using the following metrics.  

 

 

 
 

Figure 5. Driven element parasitic coupled to two-element symmetric parasitic stack 

 
 

Return loss 

Figure 6 shows that by placing two elements parasitic stack symmetrical to driven element,  

the operating bands remain unchanged at 6 GHz, 7.1 GHz and 11.6 GHz compared to single parasitic element 

symmetrically placed to driven element shown in Figure 2. However, for the third band at 11.6 GHz,  

the impedance bandwidth improved to 1.5 GHz, from 1.4Ghz in single parasitic element placed symmetrical 

to driven element shown in Figure 2. A significant 1000Mhz bandwidth is obtained in the third band.  

 

 

 
 

Figure 6. Return loss for Figure 5 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 19, No. 2, August 2020 :  659 - 668 

666 

Peak directivity, peak gain and antenna efficiency 

The directivity and peak gain for two parasitic element stack placed symmetrical to driven element 

shown in Figure 5, is 8.4 dB and 7.8 dB respectively. This means the directivity is improved by 0.43dB (8.4-

7.97 = 0.43) and and gain is 0.4 dB (7.8-7.4 = 0.4) compared to single symmetric parasitic element coupled 

to driven element. The radiation efficiency however remains unchanged at 92.8 %. The results are tabulated 

in Table 3.  

 

 
Table 3. Peak directivity, gain and antenna efficiency for Figure 5 

 
 

 

3.3.  Driven element parasitic coupled to symmetric three-element parasitic stack 

A three element parasitic stack is placed symmetrically to the driven element half lambda apart and 

this arrangement is shown in Figure 7. The distance of separation between the driven element and the 
parasitic stack is half lambda apart. This mitigates the mutual coupling effects to a certain extent. However, 

the distance of separation between the first and second parasitic elements is 3mm, and the distance of 

separation between second and third element is also 3mm. The space between the parasitic elements is filled 

with air as dielectric. The additional parasitic element on to the parasitic stack improves the performance of the 

antenna, and this is presented in the following section. The performance is evaluated using the following metrics.  

 

 

 
 

Figure 7. Driven element parasitic coupled to three-element symmetric parasitic stack 

 

 

Return loss 

The return loss plot shown in Figure 8 indicate that by adding one additional element to the parasitic 

stack, i.e from initial two-element stack to three element stack placed symmetrical to the driven element,  

the operating bands are reduced to two, from the earlier three bands in two elements parasitic stack. The first 

band is at 6 GHz with an impedance bandwidth of 300 MHz and return loss of -13.74 dB, and the second 

band is at 11.6 GHz with an impedance bandwidth of 1.7 GHz, with a corresponding return loss of -18.70dB. 

The second band at 11.6 Ghz provides a bandwidth improvement of 1.7-1.5 = 0.2 GHz compared to the 

corresponding second band for two elements parasitic stack discussed in section3.2.  
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Figure 8. Return loss for Figure 7 

 

 

Peak directivity, Gain and antenna efficiency 

The three element parasitic stack horizontal coupled to driven element provides a directivity of 

9.02dB which is improved by 0.62dB (9.02dB - 8.40dB = 0.62dB) compared to two elements parasitic stack. 

Also, the gain of 8.38dB which is up by 0.58dB (8.38-7.8 =0.58). The peak directivity improves by 1.62dB 

(9.02dB -7.4dB =1.62dB) and gain by 0.98dB (8.38dB -7.4dB = 0.98dB) compared to a single parasitic 

element coupled horizontally to driven element. These results are projected from Tables 2, 3 and 4.  

The antenna Efficiency remains at 92.92 % shown in Table 4.  
 

 

Table 4. Directivity, gain and antenna efficiency for Figure 7 

 
 

 

4. CONCLUSION 
The parasitic stack coupled to the driven elements provides the combined benefits of horizontal and 

vertical parasitic coupling. Result of the study indicate that the number of elements in the parasitic stack has  

a significant influence on the number of bands the antenna operates, gain, directivity and inter-band 

separation that is very critical to mitigate the adjacent band interference. For single parasitic element placed 

symmetrical to driven element, the antenna array operates at three different bands. The first band is at 6.1Ghz 

with bandwidth of 250Mhz that supports mobile wireless and fixed satellite service,the second band is at 

7.1Ghz with bandwidth of 350Ghz that supports mobile wireless, fixed wireless and fixed satellite service. 

The third band is 11.6Ghz with bandwidth of 1.4Ghz that supports fixed wireless and fixed satellite services. 

For a parasitic stack of two elements, the array still operates at triple band, but for the third band  

at 11.6 GHz, the impedance bandwidth improved to 1.5 GHz, from 1.4Ghz for single parasitic element 

placed symmetrical to driven element, an improvement of 1000Mhz bandwidth. For three parasitic element 

stack, the operating bands are reduced to two, from the earlier three bands in two elements parasitic stack. 
The first band is at 6 GHz with an impedance bandwidth of 300 MHz, and the second band is at 11.6 GHz 

with an impedance bandwidth of 1.7 GHz. A significant observation from the study is that, in the three 

element parasitic stack, the inter-band separation is very significant of the order of 11.6Ghz - 6Ghz = 5. 

6Ghz. This help mitigate the adjacent band interference.  

For a single parasitic element coupled to driven element, the gain is 7.46dB, and it increased to 

7.82dB for two element parasitic stack, and to 8.38 for three element stack. The directivity of single parasitic 

element coupled symmetrically to driven element is 7.97dB, and it increased to 8.42dB for two element 

stack, and ultimately to 9.02dB for three element parasitic stack. This has an advantage over conventional 

array that use more active antenna elements that are geometrically displaced, that have the limitation of more 

power consumption and more space occupancy.  
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