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Abstract- A low profile fractal defected ground structure (DGS)
antenna is presented for super-wideband (SWB) wireless
communication applications. The designed antenna covers a very wide
frequency range from 1 to 27.4 GHz (impedance bandwidth of 186%)
with [S11|<-10 dB. Moreover, In spite of small electrical dimension of
the proposed antenna (0.11 Ax 0.11 2), a large bandwidth dimension
ratio of 15372 is resulted. The SWB operation is achieved by using
fractal DGS on the ground plane to improve the impedance
characteristics between adjacent resonant frequencies. The antenna
consists of a 34x34x1.6 mm3 FR4 substrate with a dielectric constant of
4.4 and a narrow rectangular radiator. A multi-frequency resonance
characteristic is obtained by increasing the fractal slot iterations on the
ground plane. The simulation results 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,
radiation efficiency, group delay, and fidelity factor are presented and
discussed. The results indicate that the antenna has good performance
over the entire operating bandwidth which make it very potential
candidate for integration in SWB wireless communication systems.

Index Terms- Direction of arrival (DoA) estimation, coherent sources, uniform circular
array (UCA), beamspace transformation (BT), bias reduction.

I. INTRODUCTION

Direction of arrival (DoA) estimation is one of the most important research areas in array signal
processing which has so many applications in localization, tracking, surveillance, and navigation [1-
4]. Sub-space based DoA estimation methods, such as MUSIC [5] and ESPRIT [6] which are based

on the Eigen structure of the received vector covariance matrix are the most powerful methods for
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DoA estimation. However, these methods are unable to estimate the DoA of coherent sources. At the
presence of coherent sources, the source covariance matrix is not full-ranked (is rank deficient). Some
modified methods have been proposed for DoA estimation of coherent sources in uniform linear
arrays (ULAs) such as: Spatial Smoothing (SS) [7-10], reconstruction of the Toeplitz structure of
covariance matrix [11-12], Spatial Differencing (SD) [13], M/,,-MUSIC [14], and Beamspace

matrix reconstruction [15].

Printed fractal antennas have attracted much attention in wireless communication because of their
low profile, small cost, and ease of manufacture [3]. These antennas have shown the possibility to
miniaturize antenna systems and to improve input impedance matching. Also, a fractal antenna can be
designed to operate over a wide range of frequencies using the self-similarity properties associated
with fractal geometry structures. Planar 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 [4]. 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 [5]. 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 [6]. Thus, to miniaturize the antenna size with high radiation efficiency, fractal
antennas are most suitable [7].

In the recent years, to satisfy the broadband communication systems requirements, several
investigations on fractal antennas have been reported [8]-[12]. In [8], a fractal monopole antenna with
a volume of 24x24x1 mma3 can cover a bandwidth of 2.1-11.52 GHz. In [9], 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 [10]. The fractal printed bow-tie antenna in [11] can
cover bandwidth from 1.64 to 1.94 GHz. In [12], an antenna with notch— band characteristics that
uses koch fractal for UWB applications was proposed. Different fractal antennas for wideband
application were reported in [13]-[15]. In [13], 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 [14], a hexagonal shaped fractal antenna with triangular slot
and a total size of 20 x 33.4 x 1.57 mm3 for wideband application was presented. In [15], 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 [16]. It has a compact dimension of only 28 x 28 mm2 and a fractional bandwidth of
about 127.3% (3.41-15.37 GHz). A printed Koch Snowflake antenna with an operating frequency
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range of (3.4-16.4GHz for UWB radio frequency identification applications was presented in [17].

The miniaturized 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 [18]. In [19], a circular shape fractal antenna with BW ratio of
7.2:1 was presented. In [20], a dual band-notched SWB coplanar waveguide (CPW)-fed antenna with
electrical dimension of 0.18 Ax 0.13 A, BW ratio of 14.28:1 and operating BW of 173.8% was
proposed. In [21], the antenna has a very large electrical dimension of 0.45 A x 0.45 A and BW of 1.0-
19.4 GHz with a very low BDR. In addition, the antenna presented in [22] has a BW ratio of 10.16:1
and electrical dimension of 0.47 A x 0.32 A 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 A x 0.34 A is introduced in [23] which has a BW ratio of 11:1. In [24], a monopole
antenna fed by microstrip line with a BW ratio of 13:1 and electrical dimension of 0.17 A x 0.37 A has
been proposed which has some radiation characteristic problems. The antenna presented in [25] has a
low BDR due to its large electrical dimension of 0.35 A x 0.20 A compare to the BW of 3-35 GHz
which the antenna can provide. Also, a set of SWB antennas were presented in [26]-[32] which will
be compared to the proposed structure in section 3.

The work presented in this research is a miniaturized SWB printed antenna with electrical
dimension of 0.11 Ax 0.11 A (overall dimension of 34x34x1.6 mm?®), BW ratio of 27.4:1 and operating
BW of 186%. Another important issue is to keep the antenna inexpensive and easy to manufacture.
These goals are accomplished by using fractal defected ground structure (DGS) on the ground plane.
The multi-frequency resonance characteristic is obtained by increasing the fractal slot iterations on the
ground plane. The antenna has been simulated 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 15372 is provided. The results
indicate that the antenna is an excellent choice for use in SWB wireless communication 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.

Il. ANTENNA DESIGN AND EVOLUTION PROCEDURE

Fig. 1 presents the detailed configuration and fabricated prototypes of the proposed antenna. It is

etched on 1.6 mm thick FR-4 epoxy (er =4.4, tand = 0.02) substrate. The copper cladding's thickness
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Fig. 1. (a) Fabricated prototypes of the antenna, (b) Antenna geometry and design parameters.
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Fig. 2. Antenna evolution procedure.

and the electrical size of the antenna are 35um and 0.11 A x 0.11 A, respectively.

A narrow rectangular line is used as microstrip feeding section and radiating patch. As shown in
this figure, the feed-line is located asymmetrical with respect to the center of the substrate. Defected
ground structure (DGS) technique including three iterations of fractal circular slots on the ground
plane is used to achieve multi-frequency resonance characteristic, and consequently SWB operation.
The development stages of the proposed antenna are illustrated in Fig. 2 and the corresponding
simulated reflection coefficient curves are plotted in Fig. 3. The numerical analysis and geometry

refinement of the proposed structure are performed by using Ansys Electromagnetics, a full-wave
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Fig. 3. Simulated reflection coefficient curves of the antennas corresponding to Fig. 2.

electromagnetic simulator package which is based on the finite element method. The design
procedure starts with the design of structurel. As shown in Fig. 2, structurel consists of a common
microstrip line with 50Q impedance, square ground plane which is loaded by a circular slot. Referring
to Fig. 2, it can be observed that structurel exhibits |S11|> -10 dB over the entire frequency range. In
the second structure, the microstrip line is displaced to the left side of the substrate. As a result, multi-
band operation over 2-17GHz is obtained. In the next step, the first iteration of circular slots are
etched on the ground plan, and as depicted in Fig. 2, structure3 exhibits two resonances in the
reflection coefficient at 2 and 9.5 GHz whereas the structure2 does not. Afterwards, to improve the
impedance characteristics between adjacent resonant frequencies, the second iteration of slots is
loaded (structure4). In the last step of the antenna design (structure5), multi-frequency resonance
characteristic is obtained by increasing the fractal slots iterations on the ground plane (up to three
iterations). As illustrated in Fig. 2, for structure5 the lower and higher band edge frequencies of the
operating bandwidth are shifted from 2 to 1 GHz and 22 to 27.4 GHz, respectively. This technique
increases bandwidth, both at the beginning and end of the frequency band. Structure5 is the final
proposed SWB antenna. It is observed in Fig. 2 that the proposed antenna features good impedance
matching over the entire frequency range of 1-27.4 GHz. The relationship between the radii of the
circular slots in fractal iterations according the parameters in Fig. 1(b) is as follows:

R, =3mm, R4=%, R, =% 1)
The optimized geometrical parameters of the proposed antenna (in mm) are as follows: Ws=34,
Ls=34, W4=2.9, R1=7, R3=3, R4=1, R5=0.5, and L3=23.5.

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 strip
length, L3, and radius of the firs circular slot on the ground plane, R1, have considerable influence on
the SWB performance of the proposed antenna. Reflection coefficient curve for two important

parameters is shown in Fig. 4. As depicted in Fig. 4(a), the radius of the first circular slot affects the
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Fig. 4. Influence of R1 and L3 on the impetggzce bandwidth of the antenna (a) R1, (b) L3.
antenna reflection coefficient over the entire SWB spectrum. It is seen that the resonance
frequencies of the antenna at 2, 4, 7, 9, 12, 17, and 23 GHz are largely depend on R1. The influence of
variation of rectangular strip length L3 is presented in Fig. 4(b) while other geometrical parameters
are kept fixed. It can be observed that this parameter influences the reflection coefficient at lower,
middle, and higher frequencies. Results of Fig. 4 show that selecting the optimal values of R1 =7 mm

and L3=23.5 mm leads to maximum impedance bandwidth.

I1l. FREQUENCY-AND TIME-DOMAIN RESULTS AND DISCUSSION

In order to validate the numerical results obtained by Ansys Electromagnetics, the designed fractal
DGS SWB antenna was constructed and tested. Fig. 1(a) illustrates the photograph of the fabricated
prototypes. The designed antenna is connected to a 502 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 18-40 GHz. It is a low cost
connector with reasonable lose. In the following, the experimental outcomes are given, discussed, and

compared with the numerical results.
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Fig. 5. Numerical and experimental reflection coefficient curves of the antenna

A) Frequency-domain results

Fig. 5 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 1 to 27.4 GHz (186% impedance bandwidth). As shown in this figure,
the scattering parameter (|[S11|) at some part of frequency band between 8 to 9 GHz goes slightly
greater than -10dB. There is a 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, realized gain, and radiation efficiency must also be carefully investigated.
The far-field radiation patterns of the antenna were measured at different frequencies. For brevity, the
numerical and experimental E (x-z)- and H (y-z)-plane patterns at only 3, 5, 13, 20, and 27 GHz are
compared in Fig. 6. 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. In the desired application, such as mobile and indoor deployments, omnidirectional
radiation pattern is needed. The fluctuations in the radiation pattern in different figures, especially Fig.
6(e) is due to excitation of higher order modes at higher frequencies. Fig. 7 plots the simulated and
measured gain and radiation efficiency curves of the proposed antenna versus frequency. As shown in
Fig. 7(a), the maximum value of the measured antenna gain is 6.2 dBi which occurs at 26 GHz. The
measured gain has an average value of 3.18 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.
Besides, as shown in Fig. 7(b), the designed antenna can provide desirable radiation efficiency of
greater than 80% over the frequency range of 1-16 GHz. The decrease in antenna radiation efficiency
at higher frequencies, 16-27 GHz, is due to lossy FR4 substrate with loss tangent of 0.02.

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 follows [20] and [24]:
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Fig. 6. Experimental and numerical far-field E (x-z)-and H (y-z)-plane patterns of the antenna, (a) 3 GHz,
(b) 5 GHz, (c) 13 GHz, (d) 20 GHz, and (e) 27 GHz.

BW (%)

j’Length X A wicth

BDR = (2)

In this equation, A is the wavelength at the lower cut-off frequency of the working BW. The results of
the comparison between the designed antenna and other SWB antenna structures studied in [20-32],
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 large BDR of 15372 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 antennas.
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Fig. 7. Numerical and experimental radiation parameters of the antenna versus frequency. (a) Gain. (b) Radiation efficiency.

Table I. Comparison of the proposed antenna with others SWB antennas (AG: average gain, GD: group delay). Note that the
electrical dimension and the BDR are calculated at the wavelength at the lower cut-off frequency of the working BW.

Ref. dui‘;"stl’(;'ﬁ'x n BOR & BWratio AG(B) GD(n)
[20] 0.180.13 742740 44 14281 2.96 =2
21 0.45%0.45 89083 44 19401 (7 —
22] 0.47x0.32 110291 324 10161 7 R—
23] 0.32%0.34 153189 44 11001 X —
[24] 0.17x0.37 273500 44 13061 7 E—
25] 0.35%0.20 240000 22 11601 58—
26] 0.23%0.32 223000 10311 33—
27] 0.41x0.29 134724 338 9.1L1 2.93 <1
28] 0.44%0.44 90500 30 18631 - -
[29] 2.00%2.00 3333 45 5001 34—
[30] 0.32%0.34 168200 265 25001 2.9 <5
[31] 0.43x0.45 95077 348  25.001 7 J—
[32] 0.27%0.23 254112 44 10001 34 <07
Proposed 0.11x0.11 15372 44 2741 3.18 <1

B) Time-domain results

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 [33-36]. Group delay of side-
by-side orientation is shown in Fig. 8 which its peak-to-peak variation is less than 1ns 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.
Another important parameter in time-domain analysis named the fidelity factor is used to calculate the

correlation between transmitted and received pulses. By using the approach suggested in [37], the
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Fig. 8. Experimental and numerical group delay results of the antenna versus frequency.

input signal is delivered to the antenna, and the far-field electric component is received by means of
seven virtual probes. To investigate the fidelity factor in both E- and H-plane, seven probes are placed
at the angle equal to 0°, 15°, 30°, 45°, 60°, 75°, and 90° (with respect to positive z-axis) in x-z- and y-
z-plane, respectively. In the numerical simulation procedure, the input signal was defined by a fourth-

order Rayleigh pulse as follows:
2
S, :(g—g(t—l)2 +¥(t—1)4]exp|:—(ﬂ) } 3)
T T T T

withz =67 ps. According to [38], the fidelity factor, FF, for the received pulse was calculated as

follows:
FF = max j 5, ()s, (t + k)dt (4)

where S,and S, are the normalized transmitted and received pulses, respectively, and k is the

constant delay time. Table Il presents this time-domain parameter for both planes. In a typical UWB
system, the values of fidelity factor can vary between 0 and 100%. A fidelity factor value of 0%
shows that the received and input pulses are completely different from each other, while a value of
100% indicates that the received and input signals are perfectly similar. As was mentioned in [38],
fidelity factor higher than 50% is appropriate value for UWB systems. From Table 11, it is seen that
the fidelity factor in both planes has satisfactory values greater than 77%, making the proposed
antenna very capable for use in SWB communication systems. To calculate the FF, as mentioned in
[38], the antenna gain and E-field phase should be calculated at every angle of the desired plane.
Using the aforementioned parameters and transfer function of two identical antennas, like the
procedure proposed in [38], the cross-correlation between both the received and the transmitted pulses
is done at every point in time and the maximum value of this correlation is obtained. The FF in (4) has
to be solved for every angle and plotted in a polar plot. Because of the normalization of the signals,

the results of the cross-correlation are between 0 and 1.
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Table Il. Calculated fidelity factor of the antenna.

Angle (degrees) 0 15 30 45 60 75 90
Fidelity factor (E-plane) % 93 90 86 85 83 80 78
Fidelity factor (H-plane) % 94 92 88 85 81 78 77

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 -45°C to +60°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

IV. CONCLUSION

In this research a compact planar SWB antenna with simple structure is presented. In order to jointly
achieve compact structure with a SWB performance, fractal DGS on the ground plane is applied. The
multi-frequency resonance characteristic and consequently SWB performance are obtained by
increasing the fractal slots iterations on the ground plane. The antenna with electrical dimension of
0.11 Ax 0.11 A provides BW ratio of 27.4:1 and operating BW of 186%. The novelty of the proposed
antenna lies in its simple structure, compact size, high BDR, and SWB operation. The antenna has
been simulated 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 peak-to-peak group delay variation of the antenna is less than 1ns over the
entire frequency band and the antenna fidelity factor in both E- and H-planes has satisfactory values
greater than 77. The performance of the designed antenna was compared with several recent SWB
antennas. In spite of small electrical dimension of the antenna compare to the others, a large BDR of
15372 is provided. Hence, it can be concluded that the presented SWB antenna can provide good BW
ratio and very larger BDR characteristics with much smaller size in comparison to the other antennas.
Results indicate that the antenna provides excellent frequency- and time-domain performance without
signal distortion. Therefore, the proposed antenna is very capable for use in SWB communication

systems.
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