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Abstract- A compact printed fractal antipodal bow-tie antenna is designe
d and implemented to simultaneously cover the operations in the C, X, a
nd Ku-bands. It is demonstrated that by addition of small fractal elemen
ts at the sides of hexagonal arms of the bow-tie, a wide operating freque
ncy range of 3.3 to 19.1 GHz can be covered while antenna size is only 3
0%x34x1.2 mm’. In order to match the antenna to the 50U SMA connecto
r, a multi-section microstrip line of different widths is designed. The sim
ulation results obtained from HFSS simulator package are verified by e
xperimental measurements. Measured data are in good agreement with
the simulated results. The frequency- and time-domain characteristics o
f the antenna including impedance matching, far-field patterns, radiatio
n efficiency, gain, and fidelity factor are presented and discussed. The p
roposed antenna features 141% impedance bandwidth (defined by -10-d
B reflection coefficient), small size, and desirable radiation patterns that
make it excellent candidate for integration in broadband array systems.

Index Terms- Fractal elements, hexagonal radiators, printed fractal antipodal bow-
tie antenna (PFABTA), super-wideband

1. INTRODUCTION

Printed fractal antennas can be used in variety of applications, especially where space is limited. The
se antennas have shown the possibility to miniaturize antenna systems and to improve input impedanc
e matching [1, 2]. 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 [3-6]. An example of e
xploiting the benefits of fractals in antenna systems is phased arrays, where fractals can reduce mutu
al coupling and allow for lower scan angles.
Notice that communication and phased array systems that operate in the C, X, and Ku-bands are us
ually designed using separate antennas for each band. Since it is becoming more and more important
to use such systems in one setting, it is desirable to design a single antenna that operates in three freq

uency bands. This, in turn, requires a wideband antenna that covers the three bands. In addition, phas
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ed array systems require compact radiating elements with end fire patterns. An interesting way to
sfy the aforementioned requirements has been the use of fractal end-fire bow-tie antenna which has
come a recent topic of interest.

Different fractal antennas such as Minkowski loop [7], Koch curve monopole [8], Koch island
h [9], Sierpinski carpet [10, 11] and Sierpinski gasket [12, 13] have been designed by using self-
arity and space-filling concepts of fractals to achieve wideband characteristics. Also, many
s have been used to reduce the size and enhance the bandwidth of printed bow-tie antennas [14-27]. A
triband coplanar waveguide (CPW)-fed printed bow-tie slot antenna was presented in [14]. In [15],
wo different flexible bow-tie antennas with reduced metallization based on the phenomenon that the
ajority of the current density was confined towards the edges of the patch were reported. After the
ters of the triangular parts were removed, the performance of antenna did not have significant
on. A low-profile bow-tie antenna with multiband operation was presented for multistandard wireless
communication applications [16]. In order to provide multiband performance, shunt strips and series
gaps with inductive and capacitive behavior, respectively, were added to the bow-tie antenna. A
band Koch-like sided fractal bow-tie dipole antenna with moderate gain (3.507 dBi) and high
¢y (60%-80%) was reported in [17]. In [18], a directional wideband self-grounded bow-tie antenna
ith a volume of 54x58x24 mm®can cover a bandwidth of 3015 GHz. In [19], an ultra-wideband
B) bow-tie quasi-self-complementary antenna (QSCA) with a compact size of 10%35 mm was printed
on an FR4 dielectric substrate with 1.6 mm thickness. It consisted of two radiating elements: a horn
haped conductive patch and a counterpart horn-shaped slot. A CPW-like matching technique
ing a central strip and a triangular piece was used to modulate the impedance matching. The bow-tie
OSCA features an impedance bandwidth of 116% from 3.04 to 11.47 GHz. In [20], a microstrip balun
fed broadband printed modified bow-tie antenna, consisting of rounded T-shaped slot loaded bow
ms printed on a low-loss RT/duroid 5870 substrate with a modified ground plane underneath, was
posed. However, it has a large size of 43x60 mm. In [21], a directive bow-tie antenna for three-
sional microwave imaging systems was designed. By adding inductive strips to the capacitive antenna
element and thereby lowering the cutoff operational frequency, an impedance bandwidth of 117%
85-3.25 GHz) was achieved. 4 new bow-tie slot antenna was implemented in [22]. By replacing a
ventional narrow rectangular slot with a bow-tie shaped slot, unidirectional radiation characteristics
over a bandwidth of 1.03 GHz (9.4%,) were obtained. In [23], a CPW-fed bow-tie slot antenna with a
dual-band function was presented. It can provide two operating bandwidths of 1450 MHz (about
% centred at 4.43 GHz) and 3500 MHz (about 37.8% centred at 9.25 GHz). In [24], a bow-tie slot
enna fed by an asymmetric coplanar waveguide (ACPW) with different slot lengths was presented. By
adjusting the length of one ACPW slot, an operating frequency range from 2.76 to 8.1 GHz (for |Su1|
< -10 dB) was obtained. A bow-tie antenna with frequency-reconfigurable behavior for worldwide
eroperability for microwave access, Bluetooth, and wireless local area network systems was presented
in [25]. It can be adjusted to cover the frequency ranges of 2.202.53, 2.9713.71, or 4.5106 GHz with
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desirable radiation characteristics. In [26], by using a pair of tilted bow-tie radiators fed through
substrate integrated waveguide feed-line, a millimeter-wave bow-tie antenna with an impedance
bandwidth of 57164 GHz was designed. Recently, a fractal artificial magnetic conductor structure
was designed as the ground plane of a printed bow-tie antenna for gain enhancement and low profile
[27]. The antenna can cover a bandwidth from 1.64 to 1.94 GHz, with a relative frequency bandwidth
of 16.7%.

The objective of this article is to design a compact super-wideband antenna with simple structure
and satisfactory radiation characteristics, using fractal elements. Another important issue is to keep
the antenna inexpensive and easy to manufacture. To accomplish these goals, a new structure
comprises of an antipodal bow-tie with hexagonal radiators is proposed. Furthermore, Small hexagon
elements are added to the sides of the antenna radiators to achieve a wide operation along with a
compact size. In order to match the antenna to the 50U SMA connector, a multi-section microstrip
line of different widths is designed. The simulation results obtained from HFSS simulator package are
verified by experimental measurements. The proposed printed fractal antipodal bow-tie antenna
(PFABTA) with a compact size of 30x34x1.2 mm® can cover the C, X and Ku-bands from 3.3 to 19.1
GHz (141% impedance bandwidth defined by -10-dB reflection coefficient). Measured results show
that the designed PFABTA features desirable frequency-domain characteristics such as stable
radiation patterns, high radiation efficiency, and reasonable gain. Furthermore, to analyze the
proposed antenna in time domain, fidelity factor is investigated. Compared to recent designs reported
in [22-25], the proposed antenna features a wider bandwidth as well as a smaller size. The proposed
PFABTA is a good candidate for use in broadband communication or phased array systems due to its

wide operating bandwidth, light weight, low cost, low profile, and ease of fabrication.
II. FRACTAL ANTIPODAL BOW-TIE ANTENNA DESIGN

The configuration of the proposed antenna labeled with the design parameters is shown in Fig. 1. It
can be seen that unlike the conventional bow-tie antennas, one of the bow-tie arms is printed on the
bottom layer of the dielectric substrate and the other is printed on the top layer of the substrate. The
proposed PFABTA comprises of an antipodal bow-tie with hexagonal arms which small hexagon
elements are added to the sides of the antenna radiators to achieve a wideband operation along with
a compact size. To match the antenna to the 50U SMA connector, a multi-section microstrip line of
different widths is used. The antenna is printed on an FR4 substrate with permittivity of 4.4, thickness
of 1.2 mm, and loss tangent of 0.02. The total size of the antenna is 30x 34x1.2 mm®. For further
insight, the proposed antenna without the fractal elements (antenna 1) and with the second repetition
of the small fractal elements (antenna 2) was simulated by using electromagnetic simulator package
Ansoft HFSS. Fig. 2 illustrates the configurations of antennas 1 and 2. The values of the design

parameters are as follows: L=30 mm, W=34 mm, a=6mm, b=2mm, c=7mm, d=Imm, Lg=5 mm,
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L1=3.6 mm, L2=10.9 mm, L3=2.2 mm, W1=2.8 mm, W2=2.6 mm, W3=1.4 mm, Wm=2.22 mm,
a=112.54°, f=134.92°. The final optimized values of the design parameters are obtained through
numerous simulations via Ansoft HFSS. The corresponding impedance matching curves of the
designed antennas are given in Fig. 3. As shown in this figure, the proposed antenna without the
fractal elements (antenna 1) covers the frequency range of 3.5 to 16 GHz (128% impedance
bandwidth defined by -10-dB reflection coefficient). It is observed that after adding the small hexagon
elements to the sides of the antenna radiators (proposed antenna), the lower and higher band edge
frequencies are shifted from 3.5 and 16 GHz to 3.3 and 19.1 GHz, respectively, which leads to a
bandwidth of about 141 %. In the next step, the second repetition of the small fractal elements are
added to the antenna (antenna 2), and as depicted in Fig. 3, the impedance matching of the antenna
deteriorates in 10-11 GHz frequency range. As a result, antenna 2 covers two frequency bands of
3.2010 GHz (103% bandwidth) and 11018.5 GHz (50% bandwidth) for |Si1| < -10 dB.

An extensive numerical sensitivity analysis was conducted to understand the effects of different
geometrical parameters on the performance of the proposed antenna. Through numerous simulations,
it was found that the main design parameters a and b considerably affect the antenna reflection
coefficient. Fig. 4 shows the simulated reflection coefficient curves for different values of the side
length a while the other geometrical parameters of the antenna are kept fixed. As shown in this figure,
the reflection coefficient deteriorates within the whole band as a changes. The optimal value of this
parameter for maximum impedance bandwidth is 6 mm. Fig. 5 shows the influence of the side length b
on the reflection coefficient of the antenna while the other design parameters are unchanged. As it
can be observed, this parameter mostly affects the antenna reflection coefficient at high frequencies.
As shown in this figure, the bandwidth of the antenna enhances as the side length b increases from 1
to 2 mm. However, when b increases to 4 mm, the antenna impedance matching deteriorates at the
higher frequencies of the band. Referring to Fig. 5, it is seen that selecting the optimal value of b=2
mm leads to wider impedance bandwidth.

In order to more investigate the influence of the small hexagonal fractal elements on the impedance
characteristic of the proposed antenna, the surface current distribution on the antenna radiators and
ground plane at 3.5 and 18 GHz is presented in Fig. 6. As shown in this figure, the current
distribution on the fractal elements at 3.5 GHz has a small magnitude, while at 18 GHz current
distribution is mainly concentrated on the fractal elements. This means the fractal elements affect
impedance characteristic at high frequencies. It is seen that the surface current distribution of Fig. 6
is compatible with the reflection coefficient plotted in Fig. 5. Both figures indicate that high frequency

behavior of the antenna can be controlled by fractal elements.
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Fig. 1. Configuration and geometrical parameters of the proposed antenna.
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Fig. 2. Configuration of the proposed antenna without the fractal elements (antenna 1) and with the second repetition of the
small fractal elements (antenna 2), (a) antenna 1, (b) antenna 2.
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Fig. 3. Numerical reflection coefficient curves of the designed antennas.
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Fig. 4. Simulated reflection coefficient curves of the proposed antennafor different values of side length a.
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Fig. 5. Simulated reflection coefficient curves of the proposed antennafor different values of side length b.

JsurfLa_per_n]

JsurflA_per_m]

3. 9918e+B8 2
Z.2515e+@82
1. 2782e+E82
7. 1659%e+E81

4. 8426 +E81
2. 2806 +081
1. 2866e+EE1
7. 2585e+E88
4. 8949 +E08
2. 3181 +E08
1. 3@33e+000
7.3523e-081

3.9918e+002
2.2515e+8082
1. 2762e+002
7.1659e+8@1
4. B4Z6e+0E1
2. 2886e+001
1. 2666s+081
7. 2585e+008
4. 8949e+B08
2. 3181 e+008
1.3@833e+008
7.3523e-081
Y4, 1475e-8@81

4. 1478e-B81

2, 34E8e-EE1 2. 3tBRs-Bal
7 4473e-8E2

Y. 2814e-E82 4. 2814e-PAAZ

1.3281e-B81 1.3281e-801
7. 4473e-082

(a) ()
Fig. 6. Surface current distribution of the proposed antenna at (a) 3.5 and (b) 18 GHz.

IIl. RESULTS AND DISCUSSION

To verify the simulation results obtained by Ansoft HFSS, the designed antennas were fabricated and
tested. Fig. 7 shows the photograph of the fabricated prototypes. In this section, the experimental

results are presented, discussed, and compared with the numerical results.
A. Frequency-domain results

Fig. 8 presents the comparison of experimental and numerical reflection coefficient curves of the
proposed antenna, antenna 1, and antenna 2. Refereeing to Fig. 8(a), both measured and simulated
results show that the proposed PFABTA can provide the impedance bandwidth of 3.3-19.1 GHz
(141% bandwidth for |S11| < -10 dB) which simultaneously covers the C (4-8 GHz), X (8-12 GHz) and
Ku (12-18 GHz)-bands. Also, the experimental results of Figs. 8(b) and 8(c) show reasonable
concordance with the numerical data. As shown in these figures, the bandwidth of antenna 1 (the
antenna without the fractal elements) is from 3.5 to 16 GHz, and antenna 2 (the antenna with the
second repetition of the fractal elements) features dual-band operation.

To determine the overall bandwidth of the antenna, other radiation characteristics such as far-field

patterns, gain, and efficiency must also be carefully examined over the entire frequency band. The
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far-field radiation patterns of the proposed PFABTA were measured at different frequencies. For
brevity,
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Fig. 7. Photographs of the fabricated prototypes (left: bottom, right: top), (a) proposed antenna, (b) antenna 1,
and (c) antenna 2.
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Fig. 8. Numerical and experimental reflection coefficient curves of the antennas, (a) proposed antenna,
(b) antenna 1, and (c) antenna 2.

the numerical and experimental E (x-y)-and H (y-z)-plane patterns at 4, 11, and 19 GHz are
compared in Fig. 9. A good concordance between the numerical and experimental outcomes is
observed. Ailso, Fig. 10 illustrates the simulated 3D far-field pattern of the PFABTA at 4 GHz. As

shown in Figs. 9 and 10, the antenna features almost omnidirectional and bidirectional radiation
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patterns in H- and E-plane, respectively. It is seen that the radiation pattern starts to deteriorate at 19

GHz because of the undesired modes at higher frequencies.
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Fig. 9. Experimental and numerical far-field E (x-y)-and H (y-z)-plane patterns of the modified antenna (lefi: x-y plane,
right: y-z plane) at (@) 4, (b) 11, and (c) 19 GHz.
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Fig. 11. Numerical and experimental radiation characteristics of the PFABTA versus frequency, (&) gain,
(b) rediation efficiency.

Table I. Calculated fidelity factor of the PFABTA

Angle (degrees) fidelity factor
azimuth plane (E-plane) Elevation plane (H-plane)

0 0.88 0.91

15 0.86 0.88
30 0.85 0.87
45 0.84 0.85
60 0.82 0.83

75 0.80 0.81
90 0.78 0.79

Fig. 11(a) plots the simulated and measured gain curves of the PFABTA versus frequency. The
measured gain varies between 2.3 and 5.2 dB over the frequency range of 4-19 GHz and has an
average value of 3.66 dB. It should be mentioned that the gain is reasonable over the working band
regarding the small size of the antenna. The experimental and numerical radiation efficiency curves
of the PFABTA are shown in Fig. 11(b). It is seen that the fabricated PFABTA can provide desirable
efficiency of greater than 80% and 75% over the frequency bands of 4-14.5 GHz and 14.5-19 GHz,
respectively. Notice that the antenna radiation efficiency is desirable considering the FR4 substrate

with loss tangent of 0.02.

B. Time-domain results

In order to analyze the time-domain performance of the designed PFABTA, fidelity factor is

investigated. This time-domain characteristic determines the signal distortion which an antenna adds



10 Super-Wideband Printed Antipodal Fractal Antenna

to its input signal. Notice that the signal distortion reduces signal-to-noise ratio and increases bit
error rate in communication systems. In the last step of this work, fidelity factor is calculated by using
CST Microwave Studio. By using the approach suggested in [28], the input signal is given to the
antenna, and the electric field in the antenna far field is received by means of seven virtual probes.
The distance between the transmitting antenna and the probes maintains at 400 mm. The fidelity
factor is calculated in both E- and H-plane. In each plane, seven probes are located with the angle
equal to 0°, 15°, 30° 45° 60° 75° and 90° respectively. The calculated fidelity factor for both
planes is tabulate in Table 1. As shown in this table, the fidelity factor in both planes is more than
0.78, making the antenna suitable for most practical wideband applications.

To conclude, compared to recent designs reported in [22-25], the proposed antenna features
broader overall bandwidth and smaller size, simultaneously. This comparison reveals the advantages
of the antenna. It should be noted than the time-domain results of the antennas in [22-25], were not
presented and discussed. The experimental results in frequency as well as time domain indicate that

the PFABTA is a good option for broadband communication and phased array applications.
1V. CONCLUSION

A super-wideband compact printed fractal antenna with simple structure and satisfactory radiation
characteristics has been presented. The proposed PFABTA possesses advantages of not only a broad
bandwidth of 141 %, but also a small size of 30x34x1.2 mm®. It can cover the C. X and Ku-bands
from 3.3 to 19.1 GHz. The antenna comprises of an antipodal bow-tie with hexagonal radiators.
Furthermore, Small hexagon elements are added to the sides of the antenna radiators to achieve a
wide operation along with a compact size. A multi-section microstrip line with different widths is
designed to match the antenna to the 50U SMA connector. The numerical outcomes obtained from
HFSS simulator package have been verified by experimental measurements. Experimental results
show that the designed PFABTA provides desirable frequency-domain characteristics such as almost
omnidirectional radiation patterns, good radiation efficiency, and reasonable gain. Furthermore, to
analyze the proposed antenna in time domain, fidelity factor has been presented. Compared to recent
designs reported in [22-25], the proposed antenna features a wider operating bandwidth and smaller
size. The proposed PFABTA is a good candidate for use in broadband communication or phased

array systems due to its low profile, wide bandwidth, light weight, low cost, and ease of fabrication.
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