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Abstract: A new geometry for uniplanar, ultra-wideband monopole antenna has been proposed for
operations in the 1.8-30 GHz band, thanks to its fractal structure in the form of a cardioid. The antenna
has extremely small dimensions at 0.21A x 0.285A at the lowest frequency of 1.8 GHz. A parametric
analysis of the influence of certain antenna dimensions on its characteristics was performed in order
to achieve the widest possible impedance bandwidth. This antenna is designed for low-cost FR-4
substrate because it is primarily intended for use in broadband energy harvesting and IoT systems,
but it is also suitable for applications in communication systems. Simulation results show that the
antenna has a reflection coefficient (S17) below —10 dB in the entire 1.8 GHz to 30 GHz frequency
range, which covers all existing cellular bands: 3G, 4G, 5G Wi-Fi, ISM, satellite communication and
radar bands. The antenna exhibits gains up to 5 dBi.

Keywords: fractal antennas; slot antennas; ultra-wideband antennas; bandwidth dimension ratio

1. Introduction

Considering the expansion of mobile communication systems and the forecast that
there will be 38 billion connected devices within the IoT and 1.5 billion within 5G by 2025,
it is clear that electromagnetic radiated power will be much higher in the future than it
is now, as the number of devices connected wirelessly will be greater and it is desirable
that antennas for energy harvesting (EH) are designed to cover all bands assigned for
those communications. In view of the dependence of the operating frequency on antenna
dimensions and the purpose of the antenna, it was concluded that it is optimal to use
bands above 1.8 GHz for EH, although the emitted power is higher in the lower bands.
Networks such as 3G (UMTS), 4G (LTE) and the future 5G cellular network; ISM (Industrial,
Scientific and Medical); and the bands of satellite communications are of particular interest.
Electromagnetic energy can be generally collected using rectennas [1-10] (that consist of a
single or multiple antennas integrated with a rectifier) or using meta-surfaces [11-13].

Numerous studies of the level of electromagnetic radiation in different cities can be
found in the literature. The results presented in [2,3] confirm that bands between 0.3 GHz
and 3 GHz could be used for energy harvesting systems and also include the bands planned
for 5G and IoT and the bands for satellite communications.

The main requirements for energy harvesting and IoT antennas are the following:
simple (planar) structures, low cost, miniaturized without gain degradation and efficiency
(electrically small antenna), wide operating bandwidth, wide beamwidth and good broad-
band matching [4,5]. Printed antennas generally exhibit these characteristics, since they
are planar, small in size, have a high degree of reproducibility and since they are easy to
make—they do not require complex fabrication processes, and they are compatible with
integrated circuitry [6]. However, widespread patch antennas are of the narrowband type.

A large number of energy harvesting antennas can be found in the literature, with
good characteristics, but they are mostly designed with narrow bandwidth for single
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frequency operation, most often with GSM or Wi-Fi [6]. The second group of antennas
includes multiband antennas that are designed on expensive dielectric substrates in order
to reduce their overall dimensions, which makes them unsuitable for EH applications in
IoT and WSN and for integration with other electronics [4,6]. With the advancement of
the 5G network, the use of the millimeter frequency bands began, especially the K-band
(24.25-27.5 GHz); thus, it is necessary to develop systems for collecting electromagnetic
radiation in those bands. It would be optimal to satisfy the stated requirements with the use
of only one ultra-broadband antenna. A comparative study of the antennas proposed for
EH can be found in [4-9]. Energy harvesting systems in the microwave band can operate
with frequencies up to 30 GHz in [10,14,15]. An antenna designed for energy harvesting
application on satellites is proposed in [10].

Generally speaking, antennas that are designed for energy harvesting can also be
used in communication systems. It is desirable that one antenna can cover all services
used in mobile communications [16]. In the case of using ultra-wideband antennas in
mobile communications, there is often a need for filtering unwanted frequency bands, i.e.,
adding notch filters to the antenna itself as in [17-21], which turns this antenna into a
multi-resonant one and separates certain bands.

Numerous printed antennas designed on a low-cost FR-4 substrate can be found
in the literature. The wideband antenna proposed in [22] has very small dimensions
(25 mm x 25 mm), an operating range of 7.7:1, efficiency of 82% and gain of 5 dBi. It is
made on a low-cost FR-4 substrate, but with substrate thicknesses of 1.2 mm, which makes
it difficult to integrate with other electronics. The antenna in [23] is designed on FR-4
substrate with a standard thickness of 1.58 mm for frequencies up to 18 GHz achieving a
bandwidth ratio of 13:1 at 10 dB return loss, with an electrical area of 0.17A x 0.37A.

It is well known that the FR4 substrate has been commonly used for low frequency
applications, but it has been recently applied successfully in the design of low-cost antennas
at frequencies over 30 GHz, Refs. [24-26]. The antenna proposed in [25] uses the FR-4
substrate, although it is intended for operations up to 37 GHz, with an operating range of
11:1. However, the electrical area of the antenna is pretty large ( 0.32A x 0.34A).

The simplest method for increasing the antenna’s bandwidth without increasing the
antenna size is to modify the geometry of the antenna by using fractals [27]. The self-
similarity property of fractal geometries causes multiband or broadband behaviors. A
comparative study of these antennas can be found in [28].

Fractal antennas with good performances can be found in [29,30], but these antennas
do not cover the GSM and UMTS bands, in which a significant amount of EM energy is
emitted. Considering the antenna size, the proposed antenna is more than three times
smaller in terms of electrical dimensions than the antenna reported in [26].

This paper proposes a novel design of a slot antenna based on nested fractal geometry
that exhibits ultra-wideband characteristics. The antenna is designed on inexpensive FR-4
substrate and is fed by coplanar waveguide (CPW) transmission line, which makes it
uniplanar, very easy for fabrication and integration with MMICs. The use of fractals in
the form of cardioids made it possible to cover all commercial frequency bands from 1.8 to
30 GHz while preserving the small size of the antenna because of the space filling property
of the fractals. The proposed antenna can be used in energy harvesting systems, as well as
in IoT, WLAN, mobile MIMO and satellite communication systems and radars.

2. Proposed Antenna and Parametric Sweep

Numerous shapes of fractal antennas can be found in the literature, while those that
satisfy the shapes of mathematical curves are particularly important.
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The antenna structure presented here is based on a slot in the form of more self-similar
nested cardioids. The standard parametric mathematical expression for cardioid is the
following [31,32]:

x(¢) = acos (1 — cos @)

y(¢) = asing(1—cos¢) )

0< <21
where the parameter a scales the cardioids to the desired dimension. The proposed an-
tenna has three cardioids that define its structure. Their scaling parameters, according to
Equation (1), are a1, a and a3, as seen in Figure 1.

| w |

Figure 1. The geometry of the proposed fractal antenna. The metal is shown in black. Relevant
dimensions of the antenna are as follows: W = 35.1 mm, L = 47.5 mm, gap = 0.25 mm, Wf =2.85mm,
L ;= 16.4 mm, g = 0.40 mm, L1= 34.45 mm (distance from the cardioid center), L, = 42.43 mm, a1 = 6.6,
ay =4.68 and a3 = 3.4.

The fractal shapes are characterized by two parameters: the iteration order (IO0) and
iteration factor (IF) [23]. The iteration order represents the number of fractal iterations, while
the iteration factor represents the ratio of the dimensions of the second and first iterations
of fractals. The iteration factor is always less than one because the last fractal dimension
is always smaller than the previous one due to nested fractal geometry. Generally, in the
majority of the proposed fractal antennas, the IF is the same for each iteration. However,
in this paper, we propose a fractal antenna where the IF changes for each subsequent
iteration. In this case, we can define IF,, which represents the ratio between a; and a; and
IF;, which represents the ratio between a3 and a;. The IF for the zeroth iteration of the
realized antenna is IFy = a, /a1 = 0.68 and the IF for the first iteration is IF; = a3/a, = 0.75.
It provides additional flexibility in antenna design.

The antenna is designed for the FR-4 substrate of dielectric constant ¢, = 4.3 and
tand = 0.025. The thickness of the substrate is 1.58 mm and the thickness of copper metal-
lization is 0.018 mm. Parametric analysis was performed in order to obtain the maximum
antenna impedance bandwidth; thus, the antenna can be used in energy harvesting appli-
cations without a lossy matching circuit between the antenna and detector. Simulations are
performed in the time domain-based CST solver.

The overall dimensions of the antenna are 35 mm x 47 mm x 1.61 mm, which classifies
this antenna into a group of electrically small antennas [33]. The geometry of the proposed
antenna is shown in Figure 1.
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2.1. Effects of Different Antenna Iteration Orders

Figure 2 shows the procedure for constructing a cardioid fractal slot antenna with
different iteration orders (and similarly to a majority of fractals with the same IF). The
generator shape for this fractal antenna is a cardioid described by Equation (1). The
starting point for this antenna is the zeroth iteration fractal, i.e., the cardioid antenna
shown on Figure 2a. Additionally, this figure shows the generation of the fractal structure
in which each iteration has the same iteration factor IF = 0.68 (IF = ay/a; = az/ay =
ag/az = as/ay).

-10
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-30
- - - 1" order(b)
- 2" order(c)
—-—- 3" order(d)
B e L e B L B o o e i
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Frequency (GHz)

Figure 2. Simulated reflection coefficients for the fractal antenna geometries with different iteration
orders. (a) Oth iteration order; (b) 1th iteration order; (c) 2nd iteration order; (d) 3rd iteration order.

When examining the reflection coefficient of the antenna with zeroth iteration order
and the antenna with the first iteration order seen in Figure 2b, it is observable that the
cardioid in Figure 2b has a wider operating range. If the condition for the antenna operating
range is taken to be 511 < —10 dB, in the case of the zeroth iteration, this condition is fulfilled
in two frequency bands: 1.8-3.5 GHz and 5.9-30 GHz, with the antennas having second
and third iteration orders where the condition is met in a narrower band 1.8-2.57 GHz.
The best characteristic in terms of broadband operation was obtained with a cardioid with
the first iteration order (Figure 2c), whereas the 511 characteristic deteriorates by further
increasing the iteration order, as is the case of a cardioid with the second and third iteration
order (Figure 2d).

By analyzing the results of simulations as well as fractal geometry that can be found
in the literature, it was decided that the proposed antenna should be designed using fractal
geometry, which changes the iteration factor in each subsequent iteration. In this manner,
greater flexibility in design is achieved.

2.2. Effects of the Iteration Factor

When designing the antenna, it was determined that the parameter 4; and the overall
dimensions of the antenna (W x L) affect the position of the lowest resonant frequency
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where 517 < —10 dB. Parameter a; is set at 6.6 so that the lowest frequency would be
1.8 GHz.

Furthermore, we can observe the effect of changing the iteration factor on antenna
performance. IF; when defined as the ratio of a3/a; can be changed in two ways—either
by changing a, while a3 remains constant or by changing a3 while a; remains constant.

2.2.1. Effects of the Parameter a;

The influence of dimension a, i.e., different values of IF; = a3/a, on the S11 parameters
when the parameters a1 = 6.6 and a3 = 3.4 are constant, is shown in Figure 3.

(dB)

=-20
[72]
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Frequency (GHz)
Figure 3. The simulated reflection coefficients of the first order fractal antenna for different iteration
factors IF; = a3/ap obtained by changing the value of parameter ay: (a) a, = 3.91, (b) ax = 4.18,
(c) ap =4.45 and (d) ap = 4.72. The parameters are a; = 6.6 and a3 = 3.4.

A change in the value of parameter a; has a significant impact on the resonant fre-
quency position above 2 GHz and the 51 level throughout the entire band. The best results
in this parameter range are achieved with a, = 4.45 (IF; = 0.67). Such a big influence of
parameter a; on Sq; is characteristic of the antenna, and it can be explained by the fact
that, by changing a,, two iteration factors are changing at the same time: IFy = a5 /a; and
IFl =4a3 / an.

2.2.2. Effects of the Parameter a3

In further analysis, the parameters a1 and a;, are kept constant while the a3 parameter
was changed until the desired criteria were met. The influences of dimension a3, i.e.,
different IF; = a3/ay, on the S;; parameter when the parameters are set at a; = 6.6 and
ap = 4.55 are constant, and they are shown in Figure 4.

Figure 4 shows that, in this scenario, for the iteration factor IF; = 0.72, the S1; char-
acteristic is below —10 dB in the widest frequency range. Based on the results shown in
Figures 2—4, a noticeable advantage of the different IFs for each subsequent iteration can be
observed. The proposed method increases the flexibility of the design and the ability to
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meet more antenna requirements than in case with a fixed IF. In this manner, the antenna
characteristics can be even further improved.

-10 4
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Figure 4. The simulated reflection coefficients of the first order fractal antenna for different iteration
factors IF; = a3/a; obtained by changing the value of parameter a3 when a1 = 6.6 and a, = 4.55:
(a) a3 = 3.64, (b) a3 = 4.82, (c) a3 = 6.06 and (d) a3 = 6.55.

2.3. Effects of the Parameter g

The influence of dimension g at the point where the CPW line supplies the cardioid,
on the reflection coefficient, is shown in Figure 5. It can be observed that the parameter g
has a significant influence on the reflection coefficient level. The widest bandwidth charac-
teristic is obtained when g = 0.4 mm, and further increases in the value of g considerably
deteriorates the reflection coefficient in the entire operating band.
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Figure 5. The simulated reflection coefficients for different values of distance g.

2.4. Characteristics of the Proposed Antenna

The simulated values of real and imaginary parts of the impedance of optimized

antennas (Figure 1) are shown in Figure 6.
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Figure 6. Simulated impedance of the proposed antenna.

The results show a very narrow range of variation of the real part of the impedance of

only 28-87 ), which is very useful for wideband energy harvesting applications.

The current density distribution at the first six antenna resonant frequencies, 2.1 GHz,

3.7 GHz, 5.2 GHz, 6.3 GHz, 8 GHz and 9.3 GHz, are shown in Figure 7.
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Figure 7. Current density distribution over the antenna surface at a few resonant frequencies.

Simulated radiation patterns of the proposed antenna in the E-planes and H-planes are
provided in the following frequencies: 1.8 GHz, 2.2 GHz, 2.4 GHz, 3.4 GHz, 5.8 GHz, 10 GHz,
13 GHz, 17 GHz, 19 GHz, 24 GHz, 28 GHz and 30 GHz. They are shown in Figure 8.
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24 GHz 28 GHz 30 GHz

——H (XZ plane) Simulated E (ZY plane) Simulated|

Figure 8. Simulated radiation patterns of the antenna in the E-plane and H-plane.

Simulated 3D radiation patterns of the proposed antenna on frequencies 1.8 GHz,
2.2 GHz, 2.4 GHz, 3.4 GHz, 5.8 GHz and 10 GHz in the logaritmic scale are shown in
Figure 9.
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1.8 GHz 2.2GHz

3.4GHz 5.8 GHz 10 GHz
Figure 9. Three-dimensional representation of the simulated radiation patterns.

3. Experimental Results and Discussion

The antenna is manufactured using a simple photolithographic process, with a small
deviation from the desired dimensions. Figure 10. shows the produced antenna on an FR-4
substrate with a coaxial SMA connector [34] at the input of the CPW line, which is declared
for frequencies up to 27 GHz.

Figure 10. Realized fractal antenna in the form of a cardioid with overall dimensions of
35 mm x 47 mm.
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The antenna was measured using a vector network analyzer ANRITSU MS4647A. The
reflection on the coaxial port of the antenna was obtained directly from the measurement
results of the network analyzer. The maximum gain GR of the receiving antenna is obtained
based on the Friis formula for the attenuation of free space:

Gr = 20log10d + 20log1of + 20log194m/c — Gt — FSPL 2)

where FSPL denotes free space attenuation; d denotes distance in meters; f denotes fre-
quency; ¢ denotes the speed of light in a vacuum; GT denotes the gain of the transmitting
antenna; and GR denotes the gain of the receiving antenna. A ridge-horn antenna was
used as a transmitting antenna.

The measured and simulated S parameters are shown in Figure 11.

Some disagreement between measured and simulated results occur due to inaccura-
cies in manufacturing and because antenna simulations are performed without connectors.
Moreover, the electromagnetic properties of a low-cost FR-4 laminate are not strictly con-
trolled and may differ from one laminate board to another.

0 ' I ' I N 1 ' 1 v I
-10 4 AN
o\ \ /7 W[~
1, U \
, 3
5-20 E : /
© “
- N ;
%3 ';
-30 !
H . :
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-40 I | ! -
! | F--—Measurement
! . —— Simulated without SMA 1
| - — Simulated with SMA
_50 T I T I L I T I T

5 10 ' 1'5 | 20 25 30
Frequency (GHz)

Figure 11. Comparison of the measured and simulated reflection coefficients of the antenna with and
without SMA connector.

In order to remove doubt about the influence of the SMA connector on an antenna
reflection coefficient above 27 GHz, the simulation was performed with an ideal excitation
(waveguide port) and then with an SMA connector [34]. It can be observed from Figure 11
that there are differences in the reflection coefficient above 20 GHz but the reflection
coefficient is below —10 dB with and without the connector. It is clear that the SMA
connector, in this project, can be used up to 30 GHz without influencing the improvement
of the reflection coefficient.

Figure 12 shows the results of measurements and simulations of the gain calculated by
expression (2). The gain was only measured up to 6 GHz because the transmitting antenna
is declared in that band.

The proposed antenna is compared with previously reported super wideband (SWB)
antennas on FR-4 substrates in terms of operating bandwidth (BW), electrical dimensions
and bandwidth dimension ratio (BDR). The results are shown in Table 1. The bandwidth
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dimension ratio indicates how large the operating bandwidth is as a percentage per antenna
electrical area unit [23]:
BWe,

BDR= ———% 3)
Lflnw X Wflaw

where Ly, represents the electrical length and Wy, represents the electrical width of the
antenna calculated at the lower-end of operating band that meets the —10 dB return loss
and BWo, represents bandwidth in percentage calculated by the following formula:

BWy, = 2(fhigh - flow) / (fhigh + flow) -100% @)

where f,;, and fpq, represent the lower and higher frequencies of operating bands, respec-
tively. A larger BDR indicates that the designed antenna is smaller in dimension and wider
in bandwidth.

20 T T 20 T i T T T T T
104
- " . 2 /e = -
ol »
04— -
= -10 -
o8] 2 3 4 5 6
E L T
£ Iafi W ]
® |k
O] W
[}
0 -
—— Simulated gain
— = -Measured gain
-10 T T T T T T T T T T
5 10 15 20 25 30
Frequency [GHZz]

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

Table 1. Comparison of the SWB antenna structures fabricated on FR-4 substrates in terms of
various parameters.

Reference Freq. Range (GHz) BW:1 BW % Electrical Dimensions’  BDR

[23] 1.4-18.8 13.0:1  172% 0.17A x 037 A 2762.7
[25] 3.4-37.4 11.0:1  167% 0324 x 034 A 1544.7
[29] 2.9-10.7 3.6:1 115% 016 A x 0.29 A 2406.9
[26] 3-35 11.6:1  168% 0.38A x 055 A 805.84
[35] 22-221 9.8:1 163% 030 A x 023 A 2393.7
[36] 2.4-243 10.1:1 164% 018A x 0.33 A 2718.1
[37] 2.9-18 6.2:1 144% 029A x 029 A 1718.2
[38] 3-11.2 3.711 115% 0222 x 024 A 2187.4
Proposed 1.8-30 16.9:1  178% 021 A x028A 3062.1

! Electrical dimensions are calculated relative to the lowest frequency in the band.

Figure 13 shows a comparison of simulated and measured radiation patterns in the
E-plane and H-plane at the following frequencies: 1.8;2.2;2.4; 3.4, 5.8 and 10 GHz.
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Figure 13. Measured and simulated radiation patterns in the E-plane and H-plane.

Based on the measurement results shown in Figure 13, a pretty good match of the
simulated and measured radiation patterns can be noted. All measurements of the antenna
radiation patterns are performed in free space, since the anechoic chamber is not available.
Some discrepancies between measured and simulated results can be explained by this fact.
It can be observed that the proposed antenna exhibits almost omnidirectional radiation
patterns up to 5.8 GHz, which is wider than one octave (3.2:1). It is not possible to increase
radiation pattern’s bandwidth without decreasing the impedance bandwidth. The design
of this antenna was devoted to obtaining the maximum antenna impedance bandwidth
because its primary purpose was energy harvesting. The one method to improve antenna
radiation patterns at higher frequencies is to reduce antenna dimensions, but the impedance
bandwidth will be reduced at low frequencies.

4. Conclusions

The original design of a broadband slot antenna is shown, which is suitable for mass
and cheap production and can be used either as a separate device or integrated with
other subdevices of a telecommunication system in the frequency range of 1.8-30 GHz
(16:1). A parametric analysis was performed to obtain the widest possible impedance
bandwidth in order to avoid a lossy matching circuit between the antenna and detector in
energy harvesting systems. Simulation results show that, by using fractal geometry and
the cardioid shape, the desired impedance matching, gain and efficiency are all achieved in
ultra-wideband frequency ranges.

The antenna has small dimensions at only 35 mm x 47 mm (0.21A x 0.285A) and
exhibits a maximum BDR (bandwidth dimension ratio) of 3062 compared to the ones
published in the literature so far. A larger BDR indicates that the designed antenna is
smaller in dimension and wider in bandwidth. Simulated and measured results show that
the antenna has a reflection coefficient, S11, below —10 dB in the entire 1.8 GHz to 30 GHz
frequency range. The antenna exhibits gains up to 5 dBi. The measured radiation patterns
on frequencies 1.8, 2.2, 2.4, 3.4, 5.8 and 10 GHz are presented.
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The antenna is uniplanar and does not require any complicated photolithography
procedures during fabrication. It is realized on a cheap FR-4 substrate and is fed by a CPW
line; thus, it is very suitable for integration with diodes and transistors. This is very impor-
tant since it is primarily intended for the broadband harvesting of electromagnetic energy
and its conversion in direct currents for biasing low-power sensor networks. Antenna
impedances have very small variations from 28 to 87 (), which is very convenient for use
in recetennas without matching circuits. In addition to this basic purpose, the antenna can
be used as a transceiver antenna for 3G, LTE, 5G, WLAN, RFID, Bluetooth, ISM, satellite
communication and radars.
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