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CPW-fed circular-shaped fractal antenna
with three iterations for UWB applications

SARTHAK SINGHAL, ANKIT PANDEY AND AMIT KUMAR SINGH

A coplanar waveguide (CPW)-fed circular-shaped fractal antenna with third iterative orthogonal elliptical slot for
ultra-wideband applications is presented. The bandwidth is enhanced by using successive iterations of radiating
patch, CPW feedline, and tapered ground plane. An impedance bandwidth of 2.9-20.6 GHz is achieved. The designed
antenna has omnidirectional radiation patterns along with average peak realized gain of 3.5 dB over the entire frequency
range of operation. A good agreement is observed between the simulated and experimental results. This antenna structure
has the advantages of miniaturized size and wide bandwidth in comparison to previously reported fractal structures.
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. INTRODUCTION

In 2002, Federal Communication Commission allocated the
frequency spectrum from 3.1 to 10.6 GHz for unlicensed
ultra-wideband (UWB) applications. UWB communication
systems offer the advantages of higher transmission rate and
lower power consumption over conventional wireless com-
munication systems [1]. UWB technology is integrated with
the wireless communication systems by using microstrip
antenna structures. These antenna structures have gained a
lot of attention for commercial and military applications
due to their advantages such as low profile, low-cost, easy fab-
rication, easy integration, etc. The characteristics of narrow
bandwidth and low efficiency are limiting their usage in
UWRB systems. The dimensions of a conventional microstrip
antenna are of the order of half-wavelength to radiate effi-
ciently at the desired frequency. As the size of the antenna
becomes less than A/2, the radiation of the antenna along
with other antenna parameters deteriorates. To enhance the
impedance bandwidth and minijaturize the antenna size
below half-wavelength dimensions, several techniques have
been already used. Application of fractal geometry to
antenna structures is proven to be a good method among
those techniques. The fractal geometry miniaturizes the
antenna size and enhances the antenna bandwidth due to its
properties of space filling and self-similarity [2]. Several
fractal planar antenna structures having miniaturized dimen-
sions and multiband/wideband performance are already
reported in the literature [3-8]. They still have the problem
of large size or less bandwidth.
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In this paper, an orthogonal elliptical slot-loaded circular-
shaped fractal antenna is presented. Three iterations of
orthogonal elliptical slots are loaded onto the circular radiat-
ing patch with tapered coplanar waveguide (CPW) ground
plane to enhance the overall bandwidth of the antenna. It
has a stable, omnidirectional radiation pattern with an
average peak gain of 3.5 dB.

. ANTENNA DESIGN

The geometry of the designed antenna structure is illustrated
in Fig. 1. The optimized dimensions of the antenna structure
are listed in Table 1. It is designed on 1.6 mm thick FR-4 sub-
strate having relative permittivity of 4.4 and loss tangent of
0.02. The overall dimensions of substrate are 29 x 25 X
1.6 mm?>. It consists of a circular patch loaded with three itera-
tions of orthogonal elliptical slots, stepped feedline, and
tapered coplanar waveguide ground plane. The optimization
of antenna dimensions is carried out by varying one variable
at a time and keeping all other variables at constant values.
The design, simulation, and analysis of the antenna structure
is done by using finite-element method based Ansoft’s High
Frequency Structure Simulator (HFSS) version 11 [9].

Initially, a CPW-fed circular patch with a rectangular
ground plane is designed as Antenna 1. To improve the
antenna performance by smooth transitions between the
ground plane and radiating patch, the upper edge of
the ground plane is linearly tapered to derive Antenna 2.
Thereafter, the straight feedline is replaced by a single-stepped
feedline to achieve Antenna 3.

The iterative structures designed during the designing of
third iterative structure are presented in Figs 2(a) to 2(d).
To derive the zeroth iteration or initiator, the antenna struc-
ture Antenna 3 is loaded with a pair of orthogonal elliptical
slots at its center. Further iterations are achieved by scaling
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Fig. 1. Geometry of the designed antenna.

Table 1. Optimized dimensions of the parameters.

Parameters Dimensions Parameters Dimensions
Lo 29 mm L, 8.6 mm
Won 25 mm L, 10.7 mm

D, 17 mm Wa 2 mm

MD, 15 mm t 0.4 mm

a, 0.75 Wp, 1 mm

Ly 10.7 mm Rot 45°

down the 45° rotated initiator structure by iteration factor and
then adding it to the previous iterative structure. This process
is continued till the third iteration. Further iterations are not
designed due to fabrication limitations and insignificant
improvement in the antenna performance.

. PARAMETRIC ANALYSIS

The performance of an antenna structure gets significantly
affected with the variation in the values of its dimensions.
To study these effects, two antenna dimensions i.e. width of
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stepped feedline, Wy,; and gap between the feedline and
ground plane, t, are varied. During the parametric analysis,
the value of one parameter is varied at a time by keeping all
other parameters at fixed values.

The reflection coefficient versus frequency characteristics
of the designed antenna for different values of width of
stepped feedline are demonstrated in Fig. 3. It is observed
that the impedance matching gets improved with decrease
in the stepped feedline width, Wy, from 2 to 1 mm. For
W, = 2 mm ie. straight feedline, three operating bands are
achieved. In case of Wy, = 1.5 mm, the impedance matching
at frequencies above 12 GHz is slightly improved and the
higher band edge frequency is also shifted toward lower fre-
quency. For further reduction in the stepped feedline width
ie. Wy, =1 mm, the impedance matching is improved in
the whole operating band of 2.9-20.2 GHz.

Reflection coefficient versus frequency characteristics for
different values of gap between the feedline and ground
plane are shown in Fig. 4. It is observed that the coupling
between the feedline and ground plane decreases with increase
in the value of t from 0.4 to 0.6 mm. This decrease in the coup-
ling resulted into deterioration of impedance matching which
led to reduction of impedance bandwidth.

V. RESULTS AND DISCUSSION

The comparison of iterative structures in terms of their reflec-
tion coefficient characteristic is shown in Fig. 5 and also listed
in Table 2. It is observed that with the increase in the number
of iterations, the electrical length of the patch increases resulting
into shifting of lower band edge toward lower frequency which
improves the lower band. Also with the increase in the number
of iterations, the path of the current flow increases which
improves the impedance matching thereby, reducing the multi-
band characteristics into a single wideband characteristics.
The designed antenna structure is again simulated by using
finite integration technique (FIT)-based CST Microwave Studio
(CST MWS) [4] to verify the results obtained from HESS.
The antenna is fabricated on T-Tech QC-5000 micro-milling
machine. The prototype of the designed antenna is shown in
Fig. 6. The experimental reflection coefficient is measured on
Anritsu Vector Network Analyzer (VNA) Master MS2038C
(5-20 GHz). The comparison of simulated and measured
reflection coefficient versus frequency characteristics is depicted
in Fig. 7 and also listed in Table 3. It is observed that the mea-
sured results are in close agreement with the simulated results.
The comparison for the designed antenna structure with
the previously reported structures in terms of their size and
bandwidth are presented in Table 4. It is observed that the

(a) (b) (©) (d)

Fig. 2. Four iterations of the antenna structure: (a) zeroth iteration; (b) first iteration; (c) second iteration; and (d) third iteration.
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Fig. 4. Variation of reflection coefficient characteristics for different values of t.
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Fig. 5. Reflection coefficient versus frequency characteristics for four
iterations of the designed antenna.

Table 2. Comparison of the four iterations of the designed antenna.

Iterations fr Sfu BW i fu BW
(GHz) (GHz) (GHz) (GHz) (GHz) (GHz)
Zeroth 3.2 5 1.8 9 13.5 4.5
First 3.1 6 2.9 6.8 12 5.2
Second 3 12 9.5 12.5 20.4 7.9
Third 2.9 20.2 17.3 - - -

designed antenna has a size reduction upto 82.43% along with
a bandwidth of 17.7 GHz.

The variation of the simulated real and imaginary parts of
the input impedance with respect to frequency is shown in
Fig. 8. It is observed that the real part of input impedance is
varying close to 50 (), and imaginary part of impedance
is varying near to o £). Thus, proper impedance matching is
achieved between the coaxial cable and the patch antenna
within the operational bandwidth.

The simulated current density plot of the designed antenna
at different frequencies is shown in Fig. 9. From Figs 9(a) and
9(b), it is observed that at the lower frequencies the maximum
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Fig. 7. Comparison of simulated and experimental reflection coefficient
characteristics of the designed antenna structure.

Table 3. Comparison of the simulated and measured results of the
designed antenna.

Methods fi (GHz) fu (GHz) BW (GHz) BW (%)
HESS 2.9 20.2 17.3 149.78
CST 3.1 20.6 17.5 147.67
Measured 2.9 20.6 17.7 150.63

Table 4. Comparison of the designed antenna with other antennae in
terms of dimensions and bandwidth.

SI.  Antennas Size (mm?) Size BW BW
no. reduction (GHz) (%)
(%)
1 (3] 30 X 25 3.33 4.4-11 85.71
2 (4] 31 X 32 26.91 5-14 94.73
3 [5] 39.2 X 43.5 57.48 2.28-12 136.13
4 [6] 43 X 51 66.94 2.46-13.46 138.19
5 [7] 50 X 67 78.36 2.05-6.25  101.20
6 [8] 63.5 X 65 82.43 2.55-11.84 129.11
7 [10] 30 X 30 24.14 3.02-13.27  125.84
8 Proposed 29 X 25 - 2.9-20.6 126.08
antenna
150
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Fig. 8. Variation of real and imaginary parts of input impedance of the
designed antenna structure.
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Fig. 9. Surface current density distribution of the designed structure. (a) 4.7 GHz, (b) 7.6 GHz, (c) 10.9 GHz, and (d) 15.6 GHz.

X

Fig. 10. Radiation pattern measurement setup arrangement for the designed
antenna.

current is concentrated mainly on the lower outer edges. As
the frequency increases, the current density is shifted more
on the upward edges and towards the inner part of the patch
as shown in Fig. 10(c). Further as the frequency increases the
current density further distributes itself in the whole patch indi-
cating its good response at the higher frequency [11].

The setup for the measurement of radiation pattern is
shown in Fig. 10. The antenna is placed along the negative
X-axis. The Z-axis is perpendicular to the plane of the
antenna. The angle “¢” is simulated from X-axis in the anti-
clockwise direction and angle “®” is simulated from the Z-axis
in the clockwise direction.

The radiation patterns in both planes at resonant frequen-
cies are shown in Figs 11(a) to 11(d). The patterns clearly indi-
cate that the antenna has an omnidirectional pattern in
H-plane and bidirectional in E-plane in the UWB range. As

180

15.7 GHz
(d)

Fig. 11. Radiation patterns of the designed antenna in E- and H-planes at resonance frequencies: (a) 4.7 GHz, (b) 7.6 GHz, (c) 10.9 GHz, and (d) 15.7 GHz.
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Fig. 12. Variation of peak realized gain with frequency for the designed
antenna structure.
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Fig. 13. Simulated variation of radiation and total efficiencies with frequency.

the frequency increases above 10.9 GHz, as shown in Figs
11(c) and 11(d), the radiation pattern started distorting. At
higher frequency, the radiation pattern is distorted because
of the presence of higher modes.

The variation of the peak gain with respect to frequency is
shown in Fig. 12. The peak gain of the antenna remains almost
constant throughout the spectrum. The gain of the antenna
varies between the maximum of 3.9 dB and minimum of 2 dB
with an average gain of 3.6 dB. The gain of the antenna slightly
increases with the increase in the frequency due to increase in
the effective area of antenna at higher frequency [6].

Fig. 13 shows the variation of radiation and the total effi-
ciency of the antenna with frequency. It is observed that the
antenna has more than 75% radiation efficiency throughout
the useful band. Also the total efficiency is more than 65%.

V. TIME-DOMAIN ANALYSIS

For the practical implementation of UWB antennas, its time-
domain response needs to be analyzed. For this purpose, two
identical copies of the same antenna are placed at a distance of
3ocm from each other in two configurations ie. the
face-to-face and side-by-side configurations. Two configura-
tions of designed antenna structure used in time-domain ana-
lysis are as shown in Figs 14(a) andi4(b). Time domain
analysis is carried out using CST MWS [12]. A Gaussian
pulse is transmitted by the antenna and is received at the
receiver side. The normalized amplitude of the transmitted
and received signals for the face-to-face and side-by-side is
shown in Fig. 15. The figure clearly indicates that the received
pulse has a very less distortion at the receiver side. The correl-
ation coefficient or the fidelity factor is given by

% si(Ds,(t — Dt
[Z 0 IseOPdt [ Is(0))dt ||

F = max
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Fig. 14. Time-domain analysis configurations: (a) face-to-face arrangement
and (b) side-by-side arrangement.
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Fig. 15. Simulated normalized amplitudes of the transmitted and received
pulses during the time-domain analysis of the circular-shaped fractal antenna.

Table 5. Fidelity factor (in %) for face-to-face and side-by-side

configurations.
Configuration Face-to-face Side-by-side
Fidelity factor 85.35 80.21

where, s,(f) and s,(t) are the transmitted and received signals
and “7” is the delay. From Table s, it is observed that a good
fidelity factor is achieved in both configurations. If the fidelity
factor is equal to 1, then there is perfect match between the
transmitted and the received signals.

The variation in the group delay for the face-to-face

and side-by-side configurations, are shown in Fig. 16. It is

Ty f-/\\vf'--—-—-\ ~o——
v 4 V

Group Delay(ns)
=

Side by Side Face to Face
-2
2 6 10 14 18 22
Frequency(GHz)

Fig. 16. Variation of group delay with frequency for face-to-face and
side-by-side configurations.
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Fig. 17. Variation of transmission coefficient magnitude with frequency for
face-to-face and side-by-side configurations.
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Fig. 18. Variation of phase of S,, with frequency for face-to-face and
side-by-side configurations.

observed that the group delay is not more than 1 ns in the
whole UWB spectrum.

The variation of transmission coefficient S,, is shown in
Fig. 17. The result clearly suggests that the variation
between the minimum and maximum values is less than
30 dB for face-to-face as well as side-by-side configuration.
This clearly suggests that variation in the transmission coeffi-
cient throughout the spectrum is not large. The variation of
the phase of the transmission coefficient for the face-to-face
and side-by-side configurations is shown in Fig. 18. The
linear phase response for both the configurations indicates
that very less distortion will be present in the transmission
and reception of the signal.

VI. CONCLUSION

A compact size circular-shaped fractal antenna is fabricated
which gives satisfactory response from 2.9 to 20.6 GHz with
peak realized gain of around 3.5 dB. The radiation pattern is
almost constant throughout the UWB spectrum. The
antenna will find suitable application in the field of Passive
Sensors in satellite (above 4.95 GHz), Mobile Satellite
Communication applications (7.25-7.375 GHz), and Space
Research (8.4-8.45 GHz) [13].
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