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Design of a Novel Fractal Quad-Band-Notched UWB Antenna
with Bionic Structure

Lei Zhang and Quanyuan Feng”

Abstract—In this paper, we propose a quadruple band-notched ultra-wideband (UWB) antenna with
a novel virus-mimicking structure. The proposed antenna is fed by coplanar waveguide in the FR4
material. It has a compact size of 27 x 29 x 0.8 mm?. In order to reject narrowband signal interference
in ultra-wideband communication, the desired notches in WiMAX (3.3-3.6 GHz), WLAN (5.1-5.8 GHz),
downlink X satellite communication system (7.25-7.75 GHz), and ITU 8 GHz band (8.025-8.4 GHz) are
realized. Except for these, impedance bandwidth of the designed antenna is less than —10dB from
2.5 GHz to 15 GHz, with average gain of 3dBi. At the same time, it basically meets the omnidirectional
requirement. With low profile and compact structure, the proposed antenna can be integrated into an
ultra-wideband system, which can meet the requirements of ultra-wideband communication and improve
the anti-interference ability of ultra-wideband communication.

1. INTRODUCTION

In 2002, the Federal Communication Commission (FCC) allowed the commercialization of 3.1-10.6 GHz
band [1], then the ultra-wideband (UWB) communication technology has attracted the attention of
many researchers and companies. UWB communication technology was first used in the military field,
but nowadays it is widely used in cell phone mobile communication, high-speed wireless communication
in vehicle internet, high-precision radar, and other fields [2,3]. UWB communication technology has
the advantages of ultra-wide bandwidth, high transmission rate, large system capacity, low power
consumption, high positioning accuracy, and anti-multipath interference [4]. In recent years, it has
been rapidly developed and become one of the most popular wireless communication technologies.

Since there are some pre-existing and widely used frequency bands in the range of 3.1-10.6 GHz,
such as WiMAX (3.3-3.6 GHz), WLAN (5.1-5.8 GHz) and downlink X-satellite system (7.25 GHz-
7.75GHz), it leads to the interference between UWB communication and other overlapping bands,
affecting the reliability of the UWB communication. Although the use of filters can filter out the
overlapping signal spectrum very well, additional filters not only increase the cost of the system
significantly, but also make it difficult to miniaturize and are not conducive to system integration.
Therefore, many researches focus on the structure of antenna with notched-band characteristic. Adding
a notched-band structure affects current distribution so as to suppress correlated frequency bands [5, 6].
Designing UWB antennas with frequency-notched characteristic is a challenging research area, and
many studies [7-15] revolve around the structure of band-notch characteristic. Currently, there are
several popular structures with band-notched characteristic. [7] embedded slots in the ones to achieve
specific frequency notch. Some other added strips or parasitic structures near the radiating unit [8].
[9, 10] can be achieved by loading resonators or split ring resonator (SRR). Also, [11, 12] used capacitively
loaded loop (CLL) resonators to achieve notched band. [13-15] used electromagnetic band gap (EBG)
structures.
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Using these notch structures, single or multiple notched bands can be achieved [16-29]. In [16,17],
pairs of rectangular SRR and a two via slot (TVS) EBG were respectively adopted to realize the central
notched-band frequency at 6.38 GHz and 5.6 GHz. [18] attained dual-band-notched characteristics at
3.5 GHz and 5.5 GHz using a rectangular slot and a U-shaped slot. [19] implemented upper and lower
WLAN dual notched bands using two L-shaped stubs external to the forked radiating patch. [20] utilized
three arc-shaped slots to achieve triple notched bands. In [21], an EBG with slots was used to implement
triple notches. [22] realized triple notches using a U-shaped slot and an SSR structure. [23] achieved
quadruple notched bands using three U-shaped slots and one I-shaped slot. [24] implemented quadruple
notched bands using a U-shaped slot and an EBG structure. [25] implemented quintuple notched bands
using multiple C-shaped slots, and [26] combined U-shaped stubs and SSR. to achieve sextuple notched
bands. Generally, in order to achieve band-notched characteristic, the methods available in the open
literature use different types of slots or stubs or adding resonant units. Most of the UWB antennas
achieve single notched band, dual or triple notched bands, and a few are able to achieve more notched
bands.

In this paper, we design an UWB antenna with a virus structure of quadruple notched bands, which
utilizes bionics with fractal design to form a novel virus structure, covering UWB bandwidth with a
compact structure and low profile. The band-notched characteristic of WLAN is achieved by digging an
L-shaped slit in the ground. The U-shaped slit is etched in the feed line to achieve 8-9 GHz notch in ITU
band. The SRR and V-shaped structure are embedded in the radiation patch to achieve notch bands
in WiMAX and downlink X satellite communication systems, respectively. The impedance bandwidth
of the antenna can cover 2.5-15 GHz while generating notches in four different frequency bands. The
data from both the simulation and experimental test are used for analysis, including the reflection
coefficient, gain, and radiation pattern. The results indicate that the proposed antenna performs well
in the entire band and can meet the requirements for UWB communication systems. The proposed
antenna is simulated and analyzed in high frequency simulation software (HFSSv18.0).

2. PROPOSED ANTENNA CONFIGURATION AND ANALYSIS

2.1. Design of Virus-Like UWB Antenna

Figure 1 illustrates the model of UWB antenna. The UWB antenna structure is designed with the
help of bionics, shaped like the corona virus structure in the nature. The substrate of the proposed
antenna is FR4 material with relative permittivity = 4.4 and thickness = 0.8 mm. The virus structure
is realized by fractal structure iteration. Finally, the fractal antenna has S1; parameter below —10dB
in 2.5-15 GHz, covering UWB bandwidth. The antenna is fed by coplanar waveguide and connected to
an SMA connector with 50 €2 characteristic impedance in the simulation.

The fractal antenna is based on a circular patch. The rotation transformation Equation (1) is used
to form the fractal structure. The circumference of the circular patch antenna is used as the center of
the iterative circle branch. Similarly, the circle branch of the first iteration is used as the basis, and

(a) (b) © (d)

Figure 1. Geometry of the virus-mimicking UWB antenna. (a) Original circular structure. (b)
Iteration 1. (c) Iteration 2. (d) Modified ground structure.
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the next circle branch fractalizes on its circumference. After two iterations, a fractal structure similar
to the virus structure is finally formed. In the two iterations, the radius of the first circle branch is
1.2 mm; the second one is 0.5 mm; and the interval degree of rotation transformation, #, is taken as 30

degrees.
Tp | | cosf@ —sind R, Tp—1
[yn]_[sine cosf }{Rn_1]+[yn_1]’ (1)
where (z,y) is the coordinate of the iterated circle in the X-Y plane, 6 the rotation angle, and R the
radius of the previous circle.

From Fig. 2, we can see that the bandwidth of the iterated antenna is around 2.5-15 GHz, which
meets the requirement of UWB.
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Figure 2. Comparison of simulated 57;.

Fractal antennas with normal ground basically meet the UWB requirements. For the above antenna,
progressive opening is introduced in the upper side of the feed line, while conventional ground is modified
into a trapezoid shape with a defected structure. The introduced progressive opening and trapezoid
ground can improve impedance matching in the low band. To broaden the bandwidth and achieve
better matching in the high frequency band, two circular slots are embedded in the corner of defected
ground as shown in Fig. 1(d). Altering these structures appropriately improves the antenna impedance
performance. Fig. 2 shows the comparison of reflection coefficient. The impedance bandwidth ranges
from 2.5 GHz to 15 GHz, indicating that the bandwidth is broadened, and the curve is smoother.

2.2. Band-Notched UWB Antenna

Based on the designed UWB antenna above, multi-band-notched structures are introduced, with SRR
structure to achieve WiMAX band notch (3.3-3.6 GHz), L-slot to achieve WLAN notch (5-6 GHz), V-
slot to form notch in downlink X satellite communication band notch (7-8 GHz), and U-slot in the feed
line to generate notch in ITU8 GHz band (8-8.4 GHz)

The size of the notch structure can be approximately calculated by formula (2) as follows [10]:

C
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N @)
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where L is the length of the notch structure, ¢, the effective dielectric constant, e, the relative
dielectric constant of the substrate, and ¢ the speed of light in free space, taken as 3 x 108 m/s.

The different structures of notches are shown in Fig. 3, correspondingly. Fig. 4 is the geometry
of the quad-band-notched UWB antenna. The comparison of separate notch structure and quad-band-
notched structure is shown in Fig. 5. From Figs. 3(a) to (d), it can be seen that every single structure
is notched in the desired frequency band, 3.2-3.6, 5.0-5.8, 7.0-7.8, and 8-9 GHz, respectively, as shown
in Fig. 5. Furthermore, interference excited by different adjacent structures between the notches is
minimal. Hence, the notch structures are relatively independent and virtually do not affect each other.

(a) (b) (© (d)

Figure 3. Structures of notched bands. (a)—(d) Respectively at 3.5 GHz, 5.5 GHz, 7.5 GHz and 8.2 GHz.
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Figure 4. Geometry of quad-band-notched UWB  Figure 5. Simulated S;; of separate notch
antenna. structure and the proposed structure.

To illustrate the band-notched mechanism, Fig. 6 shows the surface current distribution at different
notched frequencies of 3.5 GHz, 5.5 GHz, 7.5 GHz, and 8.2 GHz. As shown in Fig. 6(a), the current
is concentrated around the split ring at 3.5 GHz. It indicates that the split ring can suppress the
radiation of this band, so as to realize the notch in WiMAX band. Similarly, the current in different
frequencies is concentrated in the introduced structures, separately notched in WLAN, downlink X
satellite communication system, and ITU 8 GHz band. Fig. 8 shows the real and imaginary parts of
the proposed notched-band antenna. It can be seen that the real part of impedance is close to 50 2,
and imaginary part of impedance is close to 0 in the passband, showing that it has a good impedance
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Figure 6. Surface current distribution in different notches. (a) 3.5 GHz. (b) 5.5 GHz. (c) 7.5 GHz. (d)
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Figure 7. Equivalent L-C resonant circuit model for the notched-band structures. (a) At WiMAX,
WLAN;, and ITU8 GHz band. (b) At downlink X satellite communication band.

matching and can operate well in the passband. In the notch bands of WiMAX, WLAN, and ITU
8 GHz, real part of impedance is a high value, and imaginary part is from positive to negative value,
indicating that the proposed antenna has parallel resonance characteristic in these notch bands. In
the downlink X satellite communication band, the value of real part is small, and the imaginary part
value is from negative to positive, showing the series resonance characteristic. The transformation of
impedance matches well with the equivalent circuit model shown as Fig. 7 and can help explain the
generation of corresponding the notch bands.

Equation (2) gives the approximate dimensions of the notch structure, and different lengths and
widths will influence the performance of the notch. Fig. 9 shows the optimization process of the
proposed antenna. By adjusting the width of the SRR structure and the length of the L-slot structure,
the resonant frequency of the antenna is shifted. Fig. 9(a) shows that the width has a relatively small
effect on the SRR notch structure. With the increase of W5, S11 parameter shifts slightly towards the
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Figure 8. Input impedance of the proposed antenna.

left at the start frequency and the notch band in WiMAX shifts slightly to the right, showing that
the impedance bandwidth remains almost constant and is not sensitive to the variations of W5. The
central notch frequency is basically around 3.5 GHz, and the optimization is chosen as W5 = 0.3 mm.
Fig. 9(b) reveals the influence of L-slot length on notch characteristic. As the length L4 increases,
the center frequency drops from 6.5 GHz to 4.9 GHz with little effect on the impedance bandwidth.
Correspondingly, L4 is chosen as 5mm, and the notch can cover WLAN completely. Similarly, the
effect of L8 and L1 is shown in Figs. 9(c) and (d), and with the increase of L8 and L1, the notch bands
both move to the left, and the change of the notch band is regular which can help tune the notch band
well. Finally, L8 and L1 are chosen as 7.2 mm and 5.3 mm, respectively. Table 1 shows the specific size
parameters of the optimized antenna.

Table 1. Dimensions of the proposed antenna.

Parameters | Values (mm) | Parameters | Values (mm) | Parameters | Values (mm)
w 29 L 27 R1 7.7
w1 0.4 L1 5.3 R2 1.4
W2 2.2 L2 3 R3 1.2
W3 0.1 L3 0.5 R4 0.5
w4 0.15 L4 5) hl 19.5
W5 0.3 L5 3.7 h2 10
W6 0.4 L6 6 h3 0.2
w7 0.5 L7 5.5 R5 1.5
W8 0.2 L8 7.2 H 0.8
w9 2

3. RESULT AND DISCUSSION

The fabrication of the antenna is shown in Fig. 10. The antenna is made on an FR4 dielectric substrate
with dielectric constant of 4.4 and loss tangent of 0.02. The feed line is connected to an SMA connector
with the impedance of 50 2.
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Figure 10.
antenna.

Photograph of the fabricated
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Figure 11. Measurement of S11 using VNA.
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Figure 12. Comparison of Si; between simulated and measured.
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Figure 13. Simulated and measured radiation patterns. (a)-(d) Respectively at 3.1 GHz, 4.5 GHz,
6 GHz and 9.6 GHz (red represents X-Z plane, blue represents Y-Z plane).
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In the experimental test, the S-parameter of the antenna was measured using Agilent network
analyzer NE5071C as shown in Fig. 11, and the results are shown in Fig. 12. It can be seen that the
antenna generates notches in the four expected frequency bands, which can reduce the related band
interference. The measured result matches the simulated one relatively well. The notches in WLAN
(5.1-5.8 GHz) and downlink X satellite communication system (7.25-7.75 GHz) are slightly shifted to
the left. The deviation is probably due to fabrication tolerance and welding tolerance of connector. At
the same time, the proposed antenna covers the entire UWB communication frequency. In addition,
radiation pattern and gain are measured by a satimo anechoic chamber as shown below.
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Figure 14. Measured and simulated peak gain in the anechoic chamber.
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Figure 13 shows the radiation patterns of the proposed antenna at frequencies of 3.1 GHz, 4.5 GHz,
6 GHz, and 9.6 GHz, indicating that the antenna has good radiation ability. In the X-Z plane, the
pattern shows nearly omnidirectional behavior, and the pattern shape in the Y-Z plane is like a
dumbbell. Despite the increase of frequency, there are some deterioration, and it still shows good
radiation characteristics.

The measured and simulated peak gains are illustrated in Fig. 14. From 2.5 GHz to 15 GHz, the
average of measured gain is around 3dBi. At 3.4 GHz, 5.4 GHz, 7.4 GHz, and 8.3 GHz, the gain drops
significantly to —4.8dBi, —5.3dBi, —1.4dBi, and —1.1dBi, respectively. Meanwhile, Fig. 15 shows
that the measured efficiency falls rapidly in the corresponding bands. Hence, it indicates significant
attenuation in these notches, and the proposed antenna can filter the interference of these bands well.

Table 2 lists the comparison between the designed antenna and the antennas in the reference papers.
It can be seen that the proposed antenna is more compact and fully capable of covering the authorized
UWB. The operating bandwidth ranges from 2.5 GHz to 15 GHz, having a wider bandwidth than the
referenced antennas. Meanwhile, four notches are achieved in the entire band. It can be seen that good
results are achieved in size of the proposed antenna and notched-band characteristic.

Table 2. Comparison with related antennas.

Ref. Overall geometry (mm?) | Notch | Bandwidth (GHz)

[16] 50 x 50 x 1.575 1 3.1-10.6

[17] 35 x 35 x 0.8 1 3-12

[18] 25 x 38 x 1.6 2 2.9-15

[19] 30x30x1.6 2 2.39-2.49/3.1-11.4

[20] 32.5 x 30 x 1 3 3-12

[21] 30 x 31.2 x 1.6 3 3-12

[22] 38.3 x 34.5 x 0.8 3 2.58-11.62

23] 27 x 36 x 1.6 4 2.8-14

[24] 31.3x349x1.6 4 2.9-10.5

[25] 25 x 31 x 1.6 5 3.05-10.6

[26] 38 x 40 x 0.8 6 2.85-12

[27] 29 x 23 x1.6 2 2.91-15.3

28] 35 x 25 x 1.6 2 2.63-13

29] 40 x 38 x 1.6 3 2.38-13.15
Proposed 27 x 29 x 0.8 4 2.5-15

4. CONCLUSION

In this paper, we design a novel fractal ultra-wideband antenna with quad-band-notched characteristic,
which can cover 2.5-15 GHz, meeting the requirement of FCC authorized spectrum. The antenna adopts
a bionic structure, using the self-similarity of fractal design and space-filling characteristic to form a
virus-like structure. It utilizes a coplanar waveguide structure. Hence, the antenna has a compact
size with low profile which can well meet the miniaturization and integration requirements, and can
be integrated into the general ultra-wideband communication system. A variety of notch structures,
including L-shaped, U-shaped, and V-shaped slots, and a split resonant ring, are used to achieve the
notch characteristics in 3.3-3.6, 5.1-5.8, 7.1-7.8, and 8-9 GHz frequency bands. Each notch is relatively
independent and does not interfere with others, which can be easily adjusted to accommodate system
changes. Finally, the measured data agree well with the simulated ones, showing that the proposed
antenna has stable radiation characteristics and good gain in the whole frequency band. Consequently,
it can be well applied in ultra-wideband communication.
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