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Abstract—A novel rectangle tree fractal antenna (RTFA) for ultra-wideband (UWB) application with
dual band notch characteristics is proposed. The radiating path is the tree fractal structure which
is formed by the superposition of a number of rectangular patches, and multi-frequency resonance
characteristics are obtained by only increasing the tree fractal iterations. UWB operation (3.1–10.6 GHz)
is achieved by using defected ground structure (DGS) on the ground plane to improve the impedance
characteristics between adjacent resonant frequencies. The dual notch bands characteristics are realized
by three U-slots on the tree fractal path and eﬀectively suppress the interferences of WiMAX and
WLAN. The measurement and simulation results have an acceptable agreement, and indicate that the
antenna is suitable for UWB applications.

1. INTRODUCTION
With the opening of ultra-wideband (UWB) communication system to civilian areas, UWB starts coming
into people’s view. The UWB system has been developed rapidly in the ﬁeld of wireless communication
with its advantages of high speed, high resolution, low power consumption and low interference. UWB
antenna as an important component of UWB system which requires a very wide bandwidth (3.1–
10.6 GHz) with good radiation characteristics and time domain characteristics has become a research
hotspot. The classic UWB antennas have Vivaldi antenna [1–4] and log periodic antenna [5], etc. Vivaldi
curve has a continuous gradient structure which can obtain a larger bandwidth, but it always needs
a large size to achieve good performance. Literature [4] improved the design of an antipodal Vivaldi
antenna which can cover a wideband from 3 GHz to 15.1 GHz, but it still has a size of 41×48 mm2 . Some
special shape monopole antennas used an appropriate feeding way can also obtain a large bandwidth,
such as circular monopole antennas [6, 7], hexagonal monopole antennas [8], etc. Fractal theory is
a novel method for antenna design. Literature [9] summarized that fractals had highly convoluted
shapes and could enhance performance when being used in antenna designs. With increasing fractal
iteration there is a corresponding increase in total wire length, and a lower resonant frequency will be
obtained. Lacunarity is another method to describe a fractal set. The inﬂuence of average lacunarity
on antenna performance is discussed in literature [10, 11], and with increasing fractal iteration, the
lacunarity and resonant frequency are gradually reduced. This analysis approach is also more practical
for the non-prefractal antennas. In a word, the complexity of fractal leads to a better performance
for antenna, and this complexity can be summarized as self-similarity and space ﬁlling. Lacunarity is
also a characterization of space ﬁlling. The fractal antenna can obtain multiple resonant frequencies
even a super-wide bandwidth because of its self-similarity. The space ﬁlling can reduce the size of the
antenna [12–16], and these features are not available in other general geometries.
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However, there are other narrowband communication systems as WiMAX (3.4–3.7 GHz) and WLAN
(5.15–5.85 GHz) in the band of UWB. In order to avoid the interferences of the UWB system, an eﬀective
method is proposed to design a UWB antenna with notch characteristics. UWB antennas with notch
characteristics can be achieved by a variety of ways such as using parasitic elements on the patch [17, 18]
and adding quarter wavelength tuning stubs on the radiation patch or ground plane [19–23]. Cutting
slot [15, 24, 25] on the patch which can change the surface current is the most common method for
generating notch bands. The width of the slot is generally small, and changing the length of the slot
can adjust the notch performance. The introduction of ﬁlter structures [26, 27] can also eﬀectively
suppress the interference band. The UWB antenna with multi notch bands is realized by using stepped
impedance resonators [27], but the design process is more complex and with a larger size.
Fractal’s self-similarity and space ﬁlling can improve performance when being used in antenna
designs. Summing up the experience of UWB antenna design, it generally has a continuous gradient
structure. Thus, a novel rectangle tree fractal antenna (RTFA) for UWB application is presented in
this paper, and the fractal makes the antenna contain multiple resonant frequencies. The proposed
RTFA covers the whole band of UWB due to the DGS ground plane which can improve the impedance
characteristics between adjacent resonant frequencies. After three U-slots are cutting on the fractal
patch, the dual notch band in 3.3–4.08 GHz and 5.04–6.03 GHz are realized, which can eﬀectively restrain
the interferences of the WiMAX and WLAN. The proposed antenna with a size of 30 × 23 × 1 mm3
has good radiation characteristics, good time domain characteristics and a stable gain in the operating
band.
2. DESIGN OF THE TREE FRACTAL STRUCTURE
The self-similar characteristic and complexity of fractal structure make the fractal antenna have the
characteristics of multi-frequency resonance. And the bandwidth can be broadened by improving the
impedance matching characteristics of adjacent resonant frequencies. The proposed rectangle tree fractal
structure in this paper is formed by superposing scaled-down graphs on the two top corners of the original
graph, as shown in Fig. 1. The ideal fractal structure will be formed by the inﬁnite superposition. Fractal
structure applied to the antenna design will achieve multi-frequency resonance due to those self-similar
ﬁne structures with diﬀerent electric scales. The iterative process is a series of self-aﬃne processes which
can be described by an iterated function system (IFS) [12]. If (x0 , y0 ) is the initial point, (x , y  ) is the
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Figure 1. Iterative process of rectangle tree fractal: (a) Basic geometry. (b) First iteration. (c) Second
iteration. (d) Third iteration.
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Figure 2. The structure of tree fractal antenna: (a) Top view, (b) bottom view.
point after the aﬃne transformation, then the aﬃne process can be expressed by the following formula
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where a and b are similarity ratios in x and y directions, respectively; θ is the rotation angle of x
direction; ϕ is the rotation angle of y direction; c and d are the translation distances. In this paper,
the iterative process of the rectangle tree-like fractal structure does not involve rotation, only the
dimensional change in x direction and y direction. So, θ = ϕ = 0. As shown in Fig. 1, assume that
graph A0 is a rectangular patch with a size of d × c. w1 , w2 and w3 are self-aﬃne transformations,
which are applied to transform structure A0 , and w1 (A0 ), w2 (A0 ), w3 (A0 ) are obtained. Then, the tree
fractal’s aﬃne process can be expressed as follows
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The superposition of the above will be a new geometric structure, which can be expressed as
W (A) =

3


wi (A0 )

(5)

i=1

where W is the Hutchinson operator. The tree fractal will be obtained when W is repeated at the
previous order graph. It can be expressed as An = W (An−1 ), and An is the n iterative fractal structure.
3. DESIGN OF TREE FRACTAL ANTENNA AND RESULT ANALYSIS
The integral structure of the RTFA for UWB operation with dual band notch characteristics is shown
in Fig. 2. After simulation optimization, the speciﬁc parameters are shown in Table 1. In addition, the
scaling factor a = 0.7, b = 0.5. The third order fractal structure is printed on a standard FR-4 substrate
(W × L) with relative permittivity (εr ) = 4.4, loss tangent (δ) = 0.02 and thickness (h) = 1 mm. A
microstrip transmission line with a strip width Wf and length Lf is used to feed the antenna. In order
to improve the impedance matching characteristics in the operating band, the ground plane with a DGS
structure is adopted. The DGS ground plane has two symmetrically beveling corners and a rectangular
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Table 1. Design parameters of proposed tree fractal antenna (all are in mm).
W
23

L
30

Wf
2.1

Lf
9.1

c
8

d
12

ts
0.15

l1
8.5

l2
8.2

l3
4.5

l4
5.7

Ls
5.6

Ws
2.7

Lg1
2.3

Lg2
4.9

Wg1
7.4

gap with a size of Ls × Ws on a rectangular ground plane. Three U-shaped slots with a width of ts are
provided on the tree fractal patch to suppress the interference due to WiMAX (3.4–3.8) and WLAN
(5.15–5.85) bands.
Diﬀerent iteration stages of RTFA without DGS and third iteration RTFA with DGS were simulated
to analyze the inﬂuences of fractal iteration times on the performance of the antenna. Fig. 3 shows the
reﬂection coeﬃcients of RTFA with diﬀerent iterations. The number of resonant frequencies increases,
and the lowest resonant frequency decreases with an increase in the number of iterations. These will
be the result of the self-similar and space-ﬁlling characteristics of tree fractal. Fig. 3 also shows the
third iteration RTFA with DGS having low reﬂection coeﬃcient between adjacent resonant frequencies
compared to the 3 order tree fractal antenna without DGS. The bandwidth is broadened after those
adjacent bands are fused together.

Figure 3. Reﬂection coeﬃcients of the proposed
antenna for diﬀerent iterations.

Figure 4. Reﬂection coeﬃcients of the proposed
antenna for diﬀerent sizes of rectangular gap.

In addition, the rectangular gap in the DGS ground plane is very important to the performance of
the antenna, because the capacitance introduced by the rectangular gap can oﬀset a part of inductive
capacitance of antenna and improve the impedance matching in the whole band. Fig. 4 shows the
reﬂection coeﬃcient for diﬀerent sizes of the rectangular gap in ground plane. In this study, the sizes of
the rectangular gap are divided into diﬀerent groups. The values of width WS and length LS vary from
0 to 2.7 mm and 0 to 5.6 mm, respectively. The impedance matching of the antenna can be improved
with length LS = 5.6 mm and width WS = 2.7 mm. From this study, we can conclude that the reﬂection
coeﬃcient of the operating bandwidth can be adjusted by changing the value of the rectangular gap.
The RTFA has two notch bands after three U-shaped slots are introduced. According to the
principle of half-wave resonance, the slot length should be λ/2 of corresponding notch band’s center
frequency in the waveguide. The surface current is heavily concentrated near the slot and results in
the impedance mismatch when the antenna works in the vicinity of this frequency. The relationship
between the center frequency of the notch band and the length of slot is
√
(6)
fnotch = c/2l εeﬀ
(7)
εeﬀ = (εr +1)/2
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Figure 5. Reﬂection coeﬃcients of the proposed
antenna for diﬀerent number of U-slots.
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Figure 6. Reﬂection coeﬃcients of the proposed
antenna for diﬀerent l2 .

where c is the speed of light; l is the total length of the slot; εeﬀ and εr are the eﬀective permittivity
and relative permittivity. Fig. 5 shows the reﬂection coeﬃcients characteristics for diﬀerent numbers
of U-slots. The RTFA has only a notch band near 3.5 GHz when there is only slot1, only a notch
band near 5.5 GHz when there are only slot2 and slot3, and two notch bands near 3.5 GHz and 5.5 GHz
when there are slot1, slot2 and slot3. Thus, it can be observed that lslot1 (lslot1 = l1 + 2l2 ) controls
the notch near 3.5 GHz, and lslot2 (lslot2 = lslot3 = l3 + 2l4 ) controls the notch near 5.5 GHz. Fig. 6,
Fig. 7 and Fig. 8 show the eﬀect on the notch characteristics for part of the slot parameters. Fig. 6
shows the simulated reﬂection coeﬃcient of the RTFA for diﬀerent values of slot1 length (l2 ) with
other parameters remaining ﬁxed. It can be seen from Fig. 6 that l2 has an evident eﬀect on resonance
frequency of the notch band near 3.5 GHz. It is found that the resonant frequency of the notch band
near 3.5 GHz decreases with increasing values of l2 and has no eﬀect on the notch band near 5.5 GHz.
Fig. 7 shows that the resonant frequency of the notch band near 5.5 GHz decreases with increasing
values of l4 . It means that the resonant frequency of the notch band decreases with increasing size of
the corresponding resonant slot. This is also consistent with formula (6). Fig. 8 shows the simulated
reﬂection coeﬃcient characteristics for diﬀerent values of ts . As ts increases from 0.1 to 0.2 mm with
other parameters remaining ﬁxed, it can be observed that the notch bandwidth is increased (from the
upper band edge). Hence, it can be concluded that the center frequency of the notch can be controlled
by the length of slots, and the notch bandwidth can be adjusted by the width of the slots.
Figure 9 shows the fabricated RTFA for UWB operation with double notches, and the overall size
of the antenna is 30 × 23 × 1 mm3 . The fabricated antenna is welded on the 50 Ω SMA connector and
measured on vector network analyzer. Fig. 10 shows the measured and simulated reﬂection coeﬃcients
of the proposed antenna. The experimental results have some deviations compared to the simulation
results due to machining error and welding error. Comparing the lower frequency edge of simulation
(about 2.75 GHz) to measurement (about 2.3 GHz) shows that the lower frequency edge of the bandwidth
red-shifts about 0.45 GHz in the measured results. The test shows that the operating bandwidth of the
proposed RTFA covers the entire frequency band from 3.1 to 10.6 GHz, and including notch bands of
3.3–4.08 GHz and 5.04–6.03 GHz which eﬀectively block the disturbances of the WiMAX and WLAN.
Figure 11 shows the measured and simulated radiation patterns in the E-planes (xy-plane) and Hplane (xz-plane) for 3.2 GHz, 6.5 GHz and 8.2 GHz. It can be seen that the patterns are omnidirectional
at the lower-frequency band and nearly omnidirectional with back lobe at the higher-frequency band.
Fig. 12 shows that the measured and simulated peak gains of the antenna are in good agreement.
Measurement shows that the gain varies stably between about 2 dBi and 5.7 dBi in the operating band,
and decreases sharply in two notch bands. It also conﬁrms that the U-slots have a good blocking
characteristic.
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Figure 7. Reﬂection coeﬃcients of the proposed
antenna for diﬀerent l4 .

(a)

Figure 8. Reﬂection coeﬃcients of the proposed
antenna for diﬀerent ts .

(b)

Figure 9. The fabricated tree fractal antenna: (a) top view, (b) bottom view.

Figure 10. Simulated and measured S11 of the proposed tree fractal antenna.
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Figure 11. Measured and simulated radiation patterns for xy-plane (E-plane) and xz-plane (Hplane) for three diﬀerent frequencies: (a) 3.2 GHz, (b) 6.5 GHz, (c) 8.2 GHz. (——
 [simulation], – 
––
[measurement]).

Figure 12. Measured and simulated peak gain of
the antenna.

Figure 13. Group delay and transfer function of
the antenna.

In order to evaluate the antenna performance in the time domain, two identical antennas are
placed in the face-to-face orientation with a distance of 0.3 m (the distance should be greater than the
far-ﬁeld region condition) to discuss the group delay and transfer function. The transfer function is the
transfer parameter S21 of a two-port network which should be as ﬂat as possible in the operating band.
Group delay refers to the time lag that the diﬀerent frequency components reach the receiver when they
transmit in the same medium. The group delay also needs to be constant over the entire band. The

28

Hu et al.

smaller the group delay is, the lower the signal distortion is. The formula is as follow
τ=

−dϕ(ω) −dϕ(f )
=
d(ω)
2πd(f )

(8)

where ϕ(f ) is the frequency-dependent phase of the radiated signal. Fig. 13 displays the group delay
and transfer parameter S21 of the antenna. It shows that group delay variation is less than 1.4 ns over
the band of UWB, but it has great ﬂuctuations in two notch bands. It also shows that the transfer
parameter has a ﬂat magnitude around −45 to −35 dB but has a sharp decrement in two notch bands.
All those imply that the proposed antenna exhibits phase linearity in designed band of UWB.
Table 2. Performance summary of the other UWB antennas.
Ref
3
15
28
29
This work

Size (mm3 )
42 × 36 × 1.6
34 × 34 × 1.6
50 × 50 × 1.575
50 × 50 × 1.6
30 × 23×1

Substrate
FR4
FR4
Taconic
FR4
FR4

Operating band (GHz)
3.7–>18
3.1–10.6
2.3–>11
5.52–10.7
2.62–>11

Notch Band (GHz)
5–6
6.2–6.9
3.3–4.08 & 5.04–6.03

Table 2 compares the proposed antenna characteristic to some other antennas presented in [3, 15]
and [28, 29]. It is clear that the proposed RTFA is smaller. Some of the other antennas are large in size,
have no notch band, or cannot cover the whole band of UWB.
4. CONCLUSION
A rectangle tree fractal antenna for UWB operation is designed. Multiple resonant frequencies are
obtained because of the self-similarity of tree fractal antenna. By only increasing the tree fractal
iterations, new resonances are generated. UWB operation (3.1–10.6 GHz) is achieved by using DGS
ground plane which can improve the impedance characteristics of antenna. The dual notch band
characteristic is obtained by three U-slots on the radiation path and eﬀectively suppressing the
interferences of WiMAX and WLAN. In the notch bands, the gain decreases sharply and maintains
stable in the working band. The time domain characteristics show that the proposed antenna can
maintain a small distortion in the operating band. All these simulations and measurements imply that
the antenna can be widely used in various UWB communication systems.
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