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ABSTRACT A compact and wideband ultra-high-frequency antenna is developed in this paper. By applying
the Minkowski fractal geometry into both the lateral boundaries of monopole and the upper boundary of
ground plane and loading the asymmetric strips at the top of monopole simultaneously, the miniaturization
is realized; by means of adjusting the fractal direction to produce a complementary structure and cutting
the triangular notch on the ground plane, the impedance bandwidth is enhanced. The influences of critical
parameters on the impedance bandwidth are determined through the sensitivity analysis. Furthermore, to
validate the performance of the proposed antenna, the return loss, radiation patterns, transfer function, and
fidelity factors are measured; the electrical dimension and ratio bandwidth are compared with those of the
existing antennas. It shows that the antenna with size of 0.284; x 0.28A7 can cover the frequency ranging
from 700 MHz to 4.71 GHz and has an average gain of 3.93 dBi along with strong pulse handling capability.
The results demonstrate the superiority of the complementary fractal technique.

INDEX TERMS Compact antenna, complementary structure, fractal direction, ultra-high-frequency (UHF)

antenna.

I. INTRODUCTION

Partial discharge (PD) is a common local dielectric break-
down phenomenon of an electrical insulation system, and it
often takes place in gas-insulated switchgears, power trans-
formers, switch cabinets, power cables, etc [1], [2]. A partial
discharge is normally accompanied by electromagnetic (EM)
and acoustic emissions [3]. Correspondingly, a number of
methods have been proposed to detect them. Compared with
ultrasonic detection and pulse current detection, the UHF
method possesses the advantage of high sensitivity and strong
anti-interference capability. Thus, it has drawn increasing
attention over past decades [4]. The UHF antenna is a critical
component and it plays a key role in the accuracy of the
measurement system.

Various multiband UHF antennas have been developed
so far. In general, the frequency of EM waves arising from
PD varies from 300 MHz to 3 GHz, and the ratio band-
width reaches up to 10:1. The existing multiband antennas,
such as Hilbert fractal antenna [1] and modified loop
antenna [2], only cover part of frequency band of PD signal.
To address this issue, several improved broadband antennas,
e.g., planar equiangular spiral antenna [3], horn antenna [4],

and biconical log-periodic antenna [4], are sometimes
employed. However, these antennas suffer from the excessive
size, and it is inconvenient for the internal installation. The
presence of them may alter the electric field distribution,
resulting in potential breakdown of power equipment [1].
Recently, the fractal technique is introduced in antenna
design. It provides not only desired miniaturization but also
multiband performance [5]-[7]. The space-filling property
can help lengthen the effective current path within the limited
area; the self-similar property can aid the generation of multi-
ple resonant modes. Presently, a variety of fractal geometries
have been put forward, like Giuseppe Peano [5], Sierpinski
carpet and gasket [6], and Koch snowflake [7]. These frac-
tal geometries have certain limitations and drawbacks. For
example, Peano fractal curve is too complex; Sierpinski frac-
tal geometry can’t be applied in the boundary but the interior
of the radiation patch and ground plane; under the condition
of the same iterative order, the bandwidth of Koch fractal
antenna is narrower than that of Minkowski fractal antenna.
In this work, a novel Minkowski fractal-based technique com-
bined with complementary method is utilized to achieve both
antenna miniaturization and bandwidth enhancement. It is
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noteworthy that to the best of our knowledge, few literatures
have investigated the influence of fractal direction on the
impedance bandwidth so far, nevertheless, our work demon-
strates that appropriate adjustment of the fractal direction can
enhance the bandwidth.

This work is organized as follows: the structure of the
proposed antenna is firstly described; then, the sensitivity
analysis is performed to determine the influences of criti-
cal parameters on the impedance bandwidth. Furthermore,
experiments have been conducted to confirm the theoretical
analysis, and the return loss, radiation patterns, transfer func-
tion, and fidelity factors are measured. Finally, the electrical
dimension and ratio bandwidth of the proposed antenna are
compared with those of existing ones.

Il. ANTENNA CONFIGURATION

The recursive procedure of Minkowski curve is illustrated
in Fig. 1. Compared with square and regular hexagon,
regular octagon has longer physical perimeter for given
height. Hence, it is selected as the original structure of
monopole. Figure 2 shows the application of Minkowski
fractal geometry into the lateral boundaries of octagon.

4 /3 i_WIndemation 5,_I LE

zeroth iteration first iteration second iteration

FIGURE 1. Recursive procedure of Minkowski curve.

(@) (b) () (d)

FIGURE 2. Application of Minkowski fractal geometry into the lateral
boundaries of octagon. (a) Initiator. (b) All lateral sides are applied
outward first-order fractal. (c) Side 1 is applied outward first-order fractal
but sides 2 and 3 are applied inward first-order fractal. (d) Side 1 is
applied outward second-order fractal but sides 2 and 3 are applied
inward second-order fractal.

The geometry of the proposed antenna is depicted
in Fig. 3. It is printed on FR4 substrate with dimension of
120 mm x 120 mm, &, = 4.4, and thickness = 1.6 mm. Here,
the indentation factor, defined as the ratio of indentation depth
to indentation length (r/3), is equal to 0.3; side 1 of octagon
is applied outward second-order fractal whereas sides 2 and 3
are designed inward; the upper boundary of ground plane
is applied the hybrid second-order fractal and it is cut a
triangular notch below the feed line; three asymmetric strips
are added at the top of fractal monopole. The photographs of
this antenna are given in Fig. 4.

Ill. SENSITIVITY ANALYSIS
A. EFFECT OF ITERATIVE ORDER

Figure 5 shows the antenna structures of different iterative
orders and fractal geometries, and the results are plotted
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FIGURE 3. Geometry of proposed antenna (unit: millimeters).
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FIGURE 4. Photographs of proposed antenna. (a) Front view. (b) Back
view.
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FIGURE 5. Antenna structures of different iterative orders and fractal
geometries. (a) Original monopole. (b) Outward first-order Minkowski
fractal. (c) Outward second-order Minkowski fractal. (d) Outward
second-order Koch fractal.

in Fig. 6. As the iterative order increases, the low cutoff fre-
quency (f1) shifts toward the lower frequency band. However,
the higher-order iteration makes the design and fabrication
more complicated but will not significantly decrease fi .
Considering this aspect, the second iteration is applied in our
work. Compared with existing second-order Koch fractal [7],
the Minkowski fractal has wider impedance bandwidth.

B. EFFECT OF FRACTAL DIRECTION

Figures 7 gives the antenna structures of different fractal
directions, and the results are plotted in Fig. 8. It indicates
that bending side 1 of octagon inwards will lead to impedance
mismatch at higher frequencies whereas the inward fractal of
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FIGURE 6. Influence of iterative order on impedance matching.
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FIGURE 7. Antenna structures of different fractal directions. (a) Bending
side 1 inwards and sides 2 and 3 outwards. (b) Bending side 2 inwards
and sides 1 and 3 outwards. (c) Bending side 3 inwards and sides 1 and 2
outwards. (d) Bending sides 2 and 3 inwards and side 1 outwards.
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FIGURE 8. Influence of fractal direction on impedance matching.

either side 2 or 3 can raise the high cutoff frequency ().
Although the fractal direction is changed, the variation of fi,

is negligible since the physical perimeter of monopole is kept
the same.

C. EFFECT OF GROUND PLANE

The antenna structures of different ground planes are depicted
in Fig. 9. From Fig.10, it can be found that the inward second-
order fractal at the upper boundary of ground plane results
in the decline of the first resonant frequency and low cutoff
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FIGURE 9. Antenna structures of different ground planes. (a) Without
fractal. (b) Inward fractal without the triangular notch. (c) Inward fractal
with the triangular notch. (d) Hybrid fractal with the triangular notch.
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FIGURE 10. Influence of ground plane on impedance matching.

frequency. Compared to inward fractal, the hybrid fractal is
more beneficial to enhance the impedance bandwidth. This is
attributed to producing a quasi-self-complementary structure
[8]. Additionally, cutting the triangular notch on the ground
plane can significantly improve the impedance matching at
higher frequencies [9].

D. EFFECT OF INDENTATION FACTOR

Figure 11 shows the impacts of indentation factor on the
impedance bandwidth of Ant. XI. When the indentation factor
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FIGURE 11. Influence of indentation factor on impedance bandwidth
of Ant. XI.
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equals 0.3, the antenna possesses wide impedance bandwidth
and the most resonant depth. When the indentation factor
exceeds an optimum value, the impedance bandwidth of
antenna changes from wideband to multiband or narrowband.
Similarly, the results can be obtained for Ant. XII.

E. EFFECT OF ASYMMETRIC STRIPS

The antenna structures of different strips are illustrated in
Fig. 12. As the number of asymmetric strips increases, the
low cutoff frequency shows a downward trend, whereas their
reflection coefficients are almost identical in the frequency
range of 4.0-5.5 GHz, as shown in Fig. 13.
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FIGURE 12. Antenna structures of different strips. (a) One strip.
(b) Two strips. (c) Three strips.
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FIGURE 13. Influence of asymmetric strips on impedance matching.

TABLE 1. Simulated f;, fy, gain, and efficiency of evolutionary antennas.

Antenna /fL(GHz) fiu (GHz) Gain (dBi)  Efficiency (%)
Ant. I 0.887 3.97 4.53 90.6
Ant. 11 0.869 4.94 4.96 94.3

Ant. VIII 0.870 5.14 4.65 94.1

Ant. IX 0.857 4.00 4.46 93.1
Ant. X 0.841 3.63 4.27 93.4

Ant. XI 0.844 4.23 451 95.2

Ant. XII 0.845 4.78 4.75 95.0

Ant. XIIT 0.755 4.80 4.71 94.9

Ant. XIV 0.717 4.80 4.79 95.4
Our work 0.708 4.80 4.47 95.1

Table 1 lists simulated fi, fi, gain and efficiency of the
evolutionary antennas. Note that the gain and efficiency
refer to the average peak gain and total efficiency in 10-dB
return loss bandwidth, respectively. It can be observed that
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every evolution either decreases the low cutoff frequency or
increases the high cutoff frequency, and all the evolutionary
antennas have moderate gain and high efficiency. The f;, and
fu of the proposed antenna are 708 MHz and 4800 MHz,
respectively. The former is declined by 20% than that of
octagonal monopole whereas the latter is raised up by 21%.

IV. EXPERIMENTAL RESULTS
To validate the aforementioned analysis, a series of exper-
iments have been conducted at an anechoic chamber of
Gree Electric Appliances Inc.. The experimental setup con-
sists of a diagonal dual polarization horn antenna, stan-
dard gain horn antennas, a multi-axis positioning system
to rotate the test antenna, and a vector network analyzer
(Keysight E5071C-280, bandwidth: 9 KHz - 8.5 GHz), etc.
Figure 14 gives the reflection coefficient of the proposed
antenna. It demonstrates that experimental result agrees
well with the simulation results. The discrepancy is minor
throughout the entire frequency band. The frequency of
S11 < 10-dB ranges from 700 to 4710 MHz, covering the
major frequency spectrum of PD signal and fulfilling the
requirement of impedance bandwidth for UHF antenna.

S11(dB)

— — Simulation 1] 426
—— Measurement W
\
"40 T T T T T T T T T
05 10915 2025 30 35 40 45 50 55
Frequency (GHz)

FIGURE 14. Reflection coefficient versus frequency.

Figure 15 presents the simulated surface current distri-
bution at 0.81 and 4.26 GHz resonant frequencies. At both
the frequencies, the current is mainly concentrated on the
feed line, the edges of fractal monopole, the upper edges
of ground plane, as well as the right strips. It indicates that
the application of Minkowski fractal geometry and asym-
metric strips can effectively increase the electrical length of
antenna. Meanwhile, it can be found that the current density
at4.26 GHz is greater than that at 0.81 GHz. This is the reason
why the resonant depth of the former is larger than that of the
latter.

The radiation pattern of the proposed antenna is also mea-
sured in our work, as given in Fig. 16. Reasonable agree-
ment between the simulated and measured results can be
observed. In the XZ-plane, the radiation pattern is omni-
directional at 0.85 GHz, and the cross-polar component
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FIGURE 15. Simulated surface current distribution. (a) 0.81 GHz.
(b) 4.26 GHz.

increases to be comparable with the co-polar component at
2.5 and 4.15 GHz. Moreover, the gain in the right broadside
direction is larger than that in the left side due to high current
density congregating on the right strips. In the YZ-plane,
both the co-polar and cross-polar components are relatively
stable toward the lower and middle frequency bands, but
the radiation pattern deteriorates slightly along with multiple
lobes toward the higher frequency band.

Furthermore, the peak gain is measured from 700 MHz
to 4.7 GHz with a step 200 MHz (see Fig. 17). Clearly, the
measured gain is in good agreement with simulation results.
The gain varies from 1.71 to 5.39 dBi, and the average value is
about 3.93 dBi. In order to further improve the gain, antenna
array can be adopted [1].

Regarding UWB antenna, the magnitude of transfer func-
tion should be as flat as possible and the phase response is
required to keep linear in the band of interest [10], which
accounts for constant group delay. The tests are carried out
exploiting two same antennas with a distance of 1.5 m to com-
ply with the far-field criteria. The measured transfer function
is displayed in Fig. 18. The variation of S7; magnitude is less
than 20 dB, the S»; phase is nearly linear, and the variation
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FIGURE 16. Radiation patterns. (a) 0.85 GHz. (b) 2.5 GHz. (c) 4.15 GHz.
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FIGURE 17. Peak gain versus frequency.

of group delay is less than 3 ns over the operating band.
Therefore, the proposed antenna is relatively satisfactory for
UWRB applications.
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FIGURE 18. Measured transfer function. (a) S;; magnitude and group
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In UHF detection system, the time-domain properties are
as important as the frequency domain. According to the
test plan suggested by [11], the receiver is rotated with a
step 10° in the azimuthal plane whereas the transmitter is
fixed. In order to increase the signal-to-noise ratio, a low-
noise amplifier with 30 dB gain is added between the receiver
and the vector network analyzer. The input signal adopts
the default Gaussian pulse S(t) of CST MWS software,
the frequency spectrum of which covers the entire operat-
ing band of antenna. The measured received signal can be
given by

R (t) = IFFT{FFT[S (1)] S21) 1

where FFT and IFFT denote fast Fourier transform and
inverse fast Fourier transform, respectively. Figure 19(a)
presents the normalized input signal and received signal in the
face-to-face orientation, with corresponding frequency spec-
trums in Fig. 19(b). In order to quantify the degree of similar-
ity between the input signal and received signal, the fidelity
factor, which is the only parameter that incorporates the time,

VOLUME 5, 2017

1.0
Input signal
Received signal

L 054
2
=
g
E 0 0~-—d S EETEEEE
=
B
= 0.5

-1.0 L i

0 2 4 6 8 10
Time (ns)
(a)

1.0
£
£ 0.84
3
&
5
2 0.6
L
=
g
=
= 0.4
[5
N
=
E 021 Input signal
z Received signal

0.0 , ; : . | r | : U

0 1 2 6

3 4
Frequency (GHz)
(b)

FIGURE 19. Normalized input signal and received signal in the
face-to-face orientation. (a) Time domain. (b) Frequency domain.

space, and frequency together [11], is expressed as [12]

[ S @)R( + v)dt
\/ i Sz(t)dt\/ [ R2(t)dr

where 7 is a delay that is varied to make the numerator in (2)
maximum. Essentially, the fidelity factor is to characterize
the correlation of two signals and in an ideal system without
any distortion, the fidelity factor should be equal to 1 [13].
The calculated fidelity factors are plotted in Fig. 20. Here,
0° represents the face-to-face orientation. The minimum
value is 0.71 occurring at 140° and the average value is 0.792.
It indicates that the proposed antenna has good pulse handling
capability.

In addition, the electrical dimension and ratio bandwidth
of existing broadband antennas are summarized in Table 2.
Here, Ap is the wavelength in the free space at fi. It can be
observed that the proposed antenna has better compactness,
excellent ratio of length to width, and wider bandwidth.
Generally, there is a tradeoff between miniaturization and

(@)

0 = max({
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FIGURE 20. Fidelity factors in the azimuthal plane.

TABLE 2. Comparison of the proposed antenna with existing ones.

Ref Electrical dimension Ratio bandwidth
' ()VL X AL) OfS“ < 10-dB

[14] 0.210 x 0.210 1.67:1

[6] 0.457 x 0.457 1.93:1

[15] 0.275 x 0.275 2.40:1

[16] 0.301 % 0.326 2.90:1

[71 0.351 x0.317 3.82:1

[17] 0.377 % 0.403 441:1

[18] 0.294 x 0.252 4.60:1

[3] 0.509 x 0.509 >5.00:1

[19] 0.518 x 0.266 13.51:1

[20] 0.440 % 0.440 13.64:1
Our work 0.280 x 0.280 6.72:1

impedance bandwidth. The proposed antenna is smaller in
electrical size and its impedance bandwidth is larger than
those in [6], [7], [16], and [17], especially, [6] is Sierpinski
fractal slot antenna and [7] is Koch fractal antenna. Moreover,
in the case of the same low cutoff frequency 700 MHz,
the equiangular spiral antenna [3] needs extra microstrip
impedance transformer to realize the impedance matching
and the feed conversion from nonbalance to balance, resulting
in the increase of overall height. Compared to the multiband
Hilbert fractal UHF antenna whose maximum gain is about
—28 dBi [21], the gain of our proposed antenna is higher; the
148% relative bandwidth of our proposed antenna is greater
than the 34% relative bandwidth of Giuseppe Peano fractal
antenna [5], which requires a layer of air gap between the
radiation patch and ground plane. From the perspective of
design and fabrication complexity, the proposed antenna is
slightly more complicated than [5] and [6] but almost the
same as [7] and [21].

V. CONCLUSION

The application of Minkowski fractal geometry and asym-
metric strips to antenna design can extend the effective
electrical length within limited space, thereby reducing the
low cutoff frequency significantly without enlarging the
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size. Adjusting the fractal direction remarkably improves the
impedance matching performance at higher frequency due to
producing a complementary structure. The triangular notch
forms a tapered feeding network, resulting in the enhance-
ment of impedance bandwidth. The optimized antenna with
size of 0.28A1, x 0.281p has an impedance bandwidth of
0.7-4.71 GHz, good radiation patterns, moderate peak gain
of average 3.93 dBi, and high fidelity factors. The proposed
antenna can be also scaled for operating in the other band of
PD signals, and it provides a solution to UHF detection.
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