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Abstract: This paper presents a compact planar  microstrip-fed quasi-fractal antenna for  

2-60 GHz microwave and millimeter-wave systems. The ultra-wideband property of the 

antenna is obtained by accomplished two iterations of Sierpinski circular slots on the 

circular radiator along with using curve-shaped ground plane. The overall antenna size is 

28×28×1.6 mm3 which is printed on FR4 substrate with a dielectric constant of 4.4. The 

designed antenna with a simple and compact structure provides 187% (reflection coefficient 

less than −10dB) impedance bandwidth, which can cover S (2-4 GHz), C (4-8 GHz),  

X (8-12 GHz), Ku (12-18 GHz), K (18-26 GHz), Ka (26-40 GHz), and U (40-60 GHz) 

frequency bands. Due to small electrical dimension of the designed antenna (0.187 λ× 0.187 λ), 

a large bandwidth dimension ratio of 5347 is resulted. The numerical outcomes are verified by 

experimental measurements. Measured data are in good agreement with the simulated results. 

The frequency- and time-domain characteristics of the antenna including impedance matching, 

far-field patterns, gain, and group delay are presented and discussed. Results show that the 

antenna is an excellent radiating component for use in several military and industrial systems. 

Index Terms: Compact Size, Equivalent Circuit Model, Microstrip-fed, Microwave, 

Mmillimeter Wave, Sierpinski Circular Slots. 
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I.  INTRODUCTION 

A fractal antenna can be designed to operate over a wide range of frequencies using the self-

similarity properties associated with fractal geometry structures. Printed fractal antennas can be 

used in variety of wideband applications, especially where space is limited. The geometry of 

fractal antenna was defined by Mandelbort in 1975 [1]. A fractal is a self-similar geometric shape 

of the whole structure

which can be subdivided into the parts; each of the part is a reduced size copy of the whole 

geometry of the antenna. Fractal geometry has some advantages over simple planar radiator such 

as: at arbitrarily minute scale it has an excellent structure, it can be easily described in traditional 

Euclidean geometry by using its irregular shape, simple and recursive, improving input resistance 

of antennas, and enhance electrical area [2]. Thus, to miniaturize the antenna size with high 

radiation efficiency, fractal antennas are most suitable [3]. 

As the demand for high data transmission is increasing, long range frequency spectrum is 

needed. Super-wideband (SWB) technology is generally used for having bandwidth (BW) ratio 

greater than 10:1 [4]. As this technology provides higher data rates and higher and more balanced 

BW, it can be used to send the data, voice, and video at higher speeds or ranging and monitoring 

applications, both in civil and military systems [5, 6]. 

To fulfill the broadband communication systems requirements, several investigations on 

fractal antennas have been reported [7]-[11]. In [7], a fractal monopole antenna with a volume of 

24×24×1 mm3 can cover a bandwidth of 2.1–11.52 GHz. In [8], a CPW-fed octagonal Sierpinski 

fractal antenna can cover a bandwidth of 3.73–20 GHz. A multiband Koch-like sided fractal bow-

tie dipole antenna was reported in [9]. The fractal printed bow-tie antenna in [10] can cover 

bandwidth from 1.64 to 1.94 GHz. In [11], an antenna with notch  band characteristics that 

uses koch fractal for UWB applications was proposed. Different fractal antennas for wideband 

application were reported in [12]-[14]. In [12], a circular-hexagonal fractal antenna was 

investigated for many wireless communications systems such as ISM, Wi-Fi, GPS, Bluetooth, 

WLAN, and UWB. It was made of iterations of a hexagonal slot inside a circular metallic patch 

with a transmission line. A partial ground plane and asymmetrical patch toward the substrate were 

used for designing the antenna to achieve a wide bandwidth. In [13], a hexagonal shaped fractal 

antenna with triangular slot and a total size of 20 × 33.4 × 1.57 mm3 for wideband application 

was presented. In [14], a printed star-triangular fractal microstrip-fed monopole antenna with 

semi-elliptical ground plane was presented for wideband applications. A miniaturized UWB 

antenna based on Sierpinski square slots was reported in [15]. It has a compact dimension of 

only 28 × 28 mm2 and a fractional bandwidth of about 127.3% (3.41-15.37 GHz). A printed Koch 



Vol. 11  |  No. 2  |  Jul.-Dec. 2022

jc
e.

sh
a

h
e

d
.a

c.
ir

159

Journal of 
Communication 

Engineering (JCE)

Snowflake antenna with an operating frequency range of (3.4–16.4GHz for UWB radio frequency 

identification applications was presented in [16]. 

The low-profile SWB antenna with a large bandwidth dimension ratio (BDR) can be found 

in few papers because having compact size and an extremely large BW with stable radiation 

characteristic at higher frequencies is very challenging [17]. In [18], a circular shape fractal antenna 

with BW ratio of 7.2:1 was presented. In [19], a dual band-notched SWB coplanar waveguide 

(CPW)-fed antenna with electrical dimension of 0.18 λ× 0.13 λ, BW ratio of 14.28:1 and operating 

BW of 173.8% was proposed. In [20], the antenna has a very large electrical dimension of 0.45 

λ × 0.45 λ and BW of 1.0-19.4 GHz with a very low BDR. In addition, the antenna presented in 

[21] has a BW ratio of 10.16:1 and electrical dimension of 0.47 λ × 0.32 λ which is large in size 

compared to the BW the antenna provides. A CPW-fed hexagonal Sierpinski fractal radiator for 

SWB applications with the electrical dimension of 0.32 λ × 0.34 λ is introduced in [22] which has 

a BW ratio of 11:1. In [23], a monopole antenna fed by microstrip line with a BW ratio of 13:1 and 

electrical dimension of 0.17 λ × 0.37 λ has been proposed which has some radiation characteristic 

problems. The antenna presented in [24] has a low BDR due to its large electrical dimension of 

0.35 λ × 0.20 λ compare to the BW of 3-35 GHz which the antenna can provide. Also, a set of 

SWB antennas were presented in [25]-[31] which will be compared to the proposed structure in 

section 3.

In this paper, a low-profile 2-60 GHz (BW ratio of 30:1) planar quasi-fractal antenna with 

simple structure, electrical dimension of 0.187 λ× 0.187 λ (overall dimension of 28×28×1.6 mm3), 

and operating BW of 187% is presented. These goals are accomplished by using two iterations 

of Sierpinski circular slots on the circular radiator along with curve-shaped ground plane. To 

establish the optimum operation, the antenna dimensions have been optimized by full-wave 

Ansys Electromagnetics simulator package. The measured results of the fabricated prototype 

in frequency-and time-domain are also presented and compared with the simulated results. The 

proposed antenna has desirable performance based on the achievement results in both simulation 

and measurement. The performance of the designed antenna is compared with several recent 

SWB antennas. In spite of small electrical dimension of the antenna compare to the others, a 

large BDR of 5347 is provided. The results show that the antenna is an excellent choice for use 

in several microwave and millimeter-wave systems. The novelty of the proposed antenna lies in 

its simple structure, compact size, high BDR, and SWB operation. The antenna design and the 

process of reaching the final structure will be discussed in the following sections.
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II.  DESIGN AND OPTIMIZATION OF THE ANTENNA 

The geometry of the proposed SWB antenna with detailed and necessary dimensions effective 

on its impedance BW characteristics is shown in Fig. 1. Optimization of the dimensions has 

been accomplished by using Ansys Electromagnetics software package. The antenna is printed 

on FR4 substrate with permittivity of 4.4, loss tangent of 0.02 and thickness of 1.6mm. The 

copper cladding’s thickness and the electrical size of the antenna are 35µm and 0.187 λ × 0.187 λ, 

respectively. As illustrated in Fig. 1, two iterations of Sierpinski circular slots on the circular 

radiator along with curve-shaped ground plane is used to achieve multi-frequency resonance 

characteristic, and consequently SWB operation. The optimal dimensions of the proposed antenna 

are as follows (in mm): W = 28, L = 28, Wf = 3, Lf = 5.96, h = 2, d = 8, d1 = 4, r = 6, and s =0 .88. 

To further understand the antenna performance, it is recommended to obtain its equivalent 

circuit model. Fig. 2 illustrates the equivalent circuit model of the designed antenna. In the 

antenna circuit model described in Fig. 2, Lf and Cf represent the feed inductance and the antenna 

static capacitance, respectively. The equivalent circuit of the circular patch is formed of resistance 

(Rp), inductance (Lp), and capacitance (Cp). In Fig. 2, the impedance of the circular patch is 

modelled by a parallel RLC circuit. The fractal slots are represented by L-C resonator cells 

(Ls1-Cs1, Ls2-Cs2), whereas Cc represents the mutual coupling among the radiating patch and 

the ground plane. The partial ground plane is modelled by L-C resonator (Lg-Cg). For further 

understanding, the antenna wideband impedance discontinuities are introduced in the equivalent 

circuit and represented by parallel RLC resonators (R1-L1-C1, R2-L2-C2, R3-L3-C3). 

In the evolution procedure of the antenna design, different structures shown in Fig.3 have been 

simulated by using Ansys Electromagnetics and comparison results of reflection coefficient curves are 

also illustrated. In the initial structure, a simple circular radiating patch with a rectangular finite ground 

plane has been considered. It can be observed that the initial structure exhibits |S11|> -10 dB over the 

frequency bands of 8.9-10.8, 15.65-17.6, and 21.1-24 GHz. In iteration 0, a curve-shaped ground 

plane is used to improve the impedance matchin of the antenna. In iteration 1, a circular slot with 

radius of 8 mm is etched on the central section of radiating patch. As a result, impedance matching 

at higher frequencies of the bandwidth is improved. In the final step, the second iteration of 

circular slots are etched on the radiating patch and the best result including 2-60 GHz bandwidth 

is achieved in iteration 2. 

The current distribution on the patch and ground of different stages of antenna design (shown in 

Fig. 3) at frequency of 30 GHz is shown in Fig. 4. Creating a curved ground plane (Fig. 4c and d) due to 

gradual changes in the geometric structure, increases the bandwidth compared to the previous stage 

(Fig. 4a and b). The embedding of a circular gap in the patch (Fig. 4e and f) causes the formation  
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Fig. 1. Geometry of the proposed antenna with detailed dimensions. 
 
 

 
 

Fig. 2. Simplified equivalent circuit model of the antenna. 
 
 
    Fig. 5 shows the final structure of the proposed antenna and its reection coe�cient versus 

frequency. Numerical parametric analysis via Ansys Electromagnetics was performed to understand 

the influence of the antenna physical dimensions on the impedance bandwidth. It was found that 

maximum width of the ground plane, r, and diameter of the firs circular slot on the radiator, d, have 

considerable influence on the SWB performance of the proposed antenna. As depicted in Fig. 6, the 

maximum width of the ground plane r affects the antenna reflection coefficient over the entire SWB 

spectrum. It is seen that the resonance frequencies of the antenna at 6, 20, 30, 33, 38, and 52 GHz are 

largely depend on r. The effects of diameter d is presented in Fig. 7 while other geometrical 

parameters are kept fixed. It can be observed that this parameter influences the reflection coefficient 

at frequencies higher than 20 GHz. Results of Figs. 6 and 7 show that selecting the optimal values of 

r=6 mm and d =8 mm leads to maximum impedance bandwidth. 
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Fig. 2.  Simplified equivalent circuit model of the antenna

of capacitance and also due to the increase of inductance property created caused by lengthening 

the path current on the patch, leading to increases the bandwidth. By creating a circular gap with 

a smaller radius and it repeating (Fig. 4g and h), more resonances are created in the structure, 

and their combination causes better impedance matching and increased bandwidth. Electric and 

magnetic resonances created in the antenna are considered in the equivalent circuit model of Fig. 

2. Also, from Fig. 4(g and h) it can be seen that the current paths have been lengthened because 

of the introduction fractal on the patche which leads to an increase in electrical length and hence 

a decrease in overall patch size. The coupling of energy among the radiating patch and the ground 

plane is very low value and the antenna produces very low value of capacitance and inductance. 

Therefore, according to the relationship

1
2

f
LCπ

= 	 (1)

the low value of capacitance and inductance produces high value of resonance frequency. 

Therefore, this helps in the impedance matching and very wide bandwidth. 
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Fig. 3. Simulated reflection coefficient curves of the antenna structures. 
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Fig. 4. Current distribution on the patch and ground of the (a) and (b) initial structure,(c) and (d) iteration 0, (e) and (f) 

iteration 1 and (g) and (h) iteration 2 related to Fig. 3 at 30 GHz. 
 

 
 

Fig. 5.  Final structure of the proposed antenna and its reection coe�cient  curve. 
 

 
 

Fig. 6. Reflection coefficients for different values of r. 
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Fig. 4.  Current distribution on the patch and ground of the (a) and (b) initial structure, (c) and (d) iteration 0, 
(e) and (f) iteration 1 and (g) and (h) iteration 2 related to Fig. 3 at 30 GHz

Fig. 5 shows the final structure of the proposed antenna and its reflection coefficient versus 

frequency. Numerical parametric analysis via Ansys Electromagnetics was performed to 

understand the influence of the antenna physical dimensions on the impedance bandwidth. It 

was found that maximum width of the ground plane, r, and diameter of the firs circular slot on 

the radiator, d, have considerable influence on the SWB performance of the proposed antenna. 

As depicted in Fig. 6, the maximum width of the ground plane r affects the antenna reflection 

coefficient over the entire SWB spectrum. It is seen that the resonance frequencies of the antenna 

at 6, 20, 30, 33, 38, and 52 GHz are largely depend on r. The effects of diameter d is presented in 

Fig. 7 while other geometrical parameters are kept fixed. It can be observed that this parameter 

influences the reflection coefficient at frequencies higher than 20 GHz. Results of Figs. 6 and 7 

show that selecting the optimal values of r=6 mm and d =8 mm leads to maximum impedance 

bandwidth.
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Fig. 8. Photograph of the proposed antenna prototypes. (a) Top view, (b) Bottom view. 
 
 

III.  EXPERIMENTAL VERIFICATION AND DISCUSSION 

    In order to validate the numerical results obtained by Ansys Electromagnetics, the designed quasi-

fractal planar antenna was constructed and tested. Fig. 8 illustrates the photograph of the fabricated 

prototypes. The designed antenna is connected to a 50Ω SMA connector for signal transmission. The 

part number of SMA female connector is SC8026 which normally operates from DC up to a 

frequency of 18 GHz and offers excellent voltage standing wave ratio (VSWR) of 1.23:1. However, 

this connector features VSWR of about 1.45:1 for frequency range of 18-60 GHz. It is a low cost 

connector with reasonable lose. Fig. 9 presents the comparison of experimental and numerical 

reflection coefficient curves of the proposed antenna. Measured and simulated results show that the 

designed fractal antenna can cover a SWB frequency range, from 2 to 60 GHz (187% impedance 

bandwidth) including S (2-4 GHz), C (4-8 GHz), X (8-12 GHz), Ku (12-18 GHz), K (18-26 GHz), Ka 

(26-40 GHz), and U (40-60 GHz) frequency bands. There is a negligble difference between the 

experimental and numerical results due to the measurement errors, fabrication tolerances, and SMA 

soldering effects. In order to further understand the utility of the proposed antenna over the entire 

operating bandwidth, other radiation characteristics such as far-field patterns and realized gain must 

also be carefully investigated. The far-field radiation patterns of the antenna were measured at 

different frequencies over 2-40 GHz range. Due to limitation of test equipment, patterns at 

frequencies higher than 40 GHz were not measured. The numerical and experimental E (y-z)- and H  
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18-60 GHz. It is a low cost connector with reasonable lose. Fig. 9 presents the comparison of 

experimental and numerical reflection coefficient curves of the proposed antenna. Measured and 

simulated results show that the designed fractal antenna can cover a SWB frequency range, from 

2 to 60 GHz (187% impedance bandwidth) including S (2-4 GHz), C (4-8 GHz), X (8-12 GHz), 

Ku (12-18 GHz), K (18-26 GHz), Ka (26-40 GHz), and U (40-60 GHz) frequency bands. There 

is a negligble difference between the experimental and numerical results due to the measurement 

errors, fabrication tolerances, and SMA soldering effects. In order to further understand the utility 

of the proposed antenna over the entire operating bandwidth, other radiation characteristics such 

as far-field patterns and realized gain must also be carefully investigated. The far-field radiation 

patterns of the antenna were measured at different frequencies over 2-40 GHz range. Due to 

limitation of test equipment, patterns at frequencies higher than 40 GHz were not measured. The 

numerical and experimental E (y-z)- and H (x-z)-plane patterns at 2, 20, and 40 GHz are compared 

in Fig. 10. A good concordance between the numerical and experimental outcomes is observed. 

As illustrated in this figure, the antenna features nearly omnidirectional patterns specifically in the 

x-z plane. As shown in Fig. 10 (d), pattern fluctuation at 60 GHz is considerable. Furthermore, the 

cross polarization level increases at higher frequencies due to excitation of higher order modes. 

So, the overal bandwidth of the antenna is limited by radiation pattern performane at frequency 

higher than 60 GHz. Fig. 11 plots the simulated and measured gain curve of the proposed antenna 

versus frequency. As shown in this figure, the maximum value of the measured antenna gain is 6 

dBi which occurs at 35 GHz. The measured gain has an average value of 3.65 dBi. It should be 

noted that the antenna gain is moderate over the working band respecting the compact size and 

omnidirectional behavior of the antenna. 

In SWB antennas, BDR is an important parameter that the higher BDR signifies wider 

frequency band and compactness of the proposed antenna compare to the other structures. BDR 

indicates how much operating bandwidth (in percentage) can be provided per electrical area 

unit. The equality is defined as 
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  by-side orientation is shown in Fig. 12 which its peak-to-peak variation is less than 2 ns over the 

entire frequency band. Although the result of the face-to-face configuration has not been discussed in 

this section, similar results were obtained which indicate an acceptable time-domain performance. 

    Temperature humidity test chamber is able to simulate a wide range of temperature and humidity 

environments. It was used in testing fabricated antenna for its tolerances of heat, cold, dry and 

humidity. It was found that operating temperatures ranging from -50°C to +70°C, and humidity range 

is from 10% to 95% RH. These results show that the antenna can perform in environments with a 

wide range of operating temperatures and humidity. 

  The results of the comparison between the designed antenna and other SWB antenna structures 

studied in [20-30] and [38-41], are presented in Table I on the basis of BDR. In spite of small 

electrical dimension of the proposed antenna compare to the others, a high BDR of 5347  is exhibited. 

Accordingly, it can be concluded that the proposed SWB antenna can provide good BW ratio and high 

BDR characteristics with much smaller size in comparison to the other antennas. 
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dimension of the proposed antenna and wide impedance bandwidth, a large BDR of 5347 is 

exhibited. Accordingly, it can be concluded that the proposed SWB antenna can provide good BW 

ratio and very larger BDR characteristics with much smaller size in comparison to the other SWB 

antenna structures studied in [19-31].
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Table 1.  Comparison between the proposed antenna and other reported works

Ref. Electrical dimension BDR BW ratio

[20] 0.45λ×0.45λ 890.83 19.40:1

[21] 0.47λ×0.32λ 1102.91 10.16:1

[22] 0.32λ×0.34λ 1531.89 11.00:1

[23] 0.17λ×0.37λ 2735.00 13.06:1

[24] 0.35λ×0.20λ 2400.00 11.60:1

[25] 0.23λ×0.32λ 2230.00 10.31:1

[26] 0.41λ×0.29λ 1347.24 9.11:1

[27] 0.44λ×0.44λ 905.00 13.63:1

[28] 2.00λ×2.00λ 33.33 5.00:1

[29]  0.32λ×0.34λ 1682.00 25.00:1

[30]  0.43λ×0.45λ 950.77 25.00:1

[38] 0.27λ×0.23λ 2541.12 10.00:1

[39] 0.28λ×0.40λ 1702.05 41.70:1

[40]   0.28λ×0.26λ 2576.23 31.14:1

[41] 0.23λ×0.30λ 2292.75 8.60:1

Proposed 0.187λ×0.187λ 5347 30:1

Along with frequency-domain analysis, time-domain performance should also be analysed in 

order to be sure of the SWB operation. The time-domain analysis required two identical designed 

antennas, one as the transmitter and the other one as a receiver, in the adjustment of face-to-face and 

side-by-side. Time-domain analysis of both configurations was considered using CST Microwave 

Studio by a distance of 50 cm. Time taken by the antenna to receive the pulse is indicated by an 

important parameter named group delay. In order to provide desirable time-domain behavior in 

a typical SWB system, constant group delay is required over the entire working band [32-37]. 

Group delay of side-by-side orientation is shown in Fig. 12 which its peak-to-peak variation is 

less than 2 ns over the entire frequency band. Although the result of the face-to-face configuration 

has not been discussed in this section, similar results were obtained which indicate an acceptable 

time-domain performance.

Temperature humidity test chamber is able to simulate a wide range of temperature and 

humidity environments. It was used in testing fabricated antenna for its tolerances of heat, cold, 

dry and humidity. It was found that operating temperatures ranging from -50°C to +70°C, and 

humidity range is from 10% to 95% RH. These results show that the antenna can perform in 

environments with a wide range of operating temperatures and humidity.
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The results of the comparison between the designed antenna and other SWB antenna structures 

studied in [20-30] and [38-41], are presented in Table 1 on the basis of BDR. In spite of small 

electrical dimension of the proposed antenna compare to the others, a high BDR of 5347 is 

exhibited. Accordingly, it can be concluded that the proposed SWB antenna can provide good BW 

ratio and high BDR characteristics with much smaller size in comparison to the other antennas.

IV.  CONCLUSION

A low-profile 2-60 GHz printed microstrip-fed antenna has been presented. In order to jointly 

achieve compact structure with a SWB performance, two iterations of Sierpinski circular slots on 

the circular radiator along with curve-shaped ground plane are employed. To achieve the optimum 

operation, the antenna dimensions have been optimized by full-wave Ansys Electromagnetics 

simulator package. Moreover, to further understanding of the antenna performance, the equivalent 

circuit mode of the designed antenna has been studied. The antenna with electrical dimension 

of 0.187 λ× 0.187 λ provides BW ratio of 30:1 and operating BW of 187% including S (2-4 

GHz), C (4-8 GHz), X (8-12 GHz), Ku (12-18 GHz), K (18-26 GHz), Ka (26-40 GHz), and U  

(40-60 GHz) frequency bands.. The novelty of the proposed antenna lies in its simple structure, 

compact size, high BDR, and SWB operation. The measured results of the fabricated prototype 

in frequency-and time-domain are also presented and compared with the simulated results. The 

performance of the designed antenna is compared with several recent SWB antennas. In spite of 

small electrical dimension of the antenna compare to the others, a large BDR of 5347 is provided. 

Hence, it can be concluded that the presented antenna can provide good BW ratio and very larger 

BDR characteristics with much smaller size in comparison to the other antennas. Based on the 

achievement results, the antenna can be used in military and industrial systems at microwave and 

millimeter-wave spectrum.
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