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Abstract: This article presents the design, modeling, and fabrication of a printed log-periodic bicon-
ical dipole array antenna (PLPBDA) for electromagnetic compatibility (EMC) measurements. The
proposed structure used bow tie-shaped dipoles instead of typical dipoles to achieve a size reduction
of 50% and bandwidth enhancement of 170% with the help of PCB technology. Furthermore, the
balanced feeding method and the modifications in bow tie-shaped dipole dimensions were utilized
to obtain broad bandwidth of 5.5 GHz (from 0.5 GHz to 6 GHz). This structure comprises 12 dipole
elements with a compact size of 170 x 160 x 1.6 mm, reflecting low fluctuations gain of about (4.6-7)
dBi with the help of an extra dipole. Moreover, the achieved frequency and radiation characteristics
(simulated and measured) agree with each other and are compatible with the results of classical EMC
antennas. The achievements of this structure showed promising results compared to both literature
reviews and reference antenna Hyper LOG® 7060 offered for sale.

Keywords: antenna factor; biconical antenna; EMI; bowtie; PLPBDA; EMC measurement

1. Introduction

With the rapid growth of wireless communications, the need to use Ultra-wideband
antennas in such systems has appeared in various applications. Furthermore, the antenna
design is the key to every wireless system since it can control its radiation characteristic
according to the application’s specifications [1]. Ultra-wideband antennas are used in
different applications, e.g., in radio systems for communications and in electromagnetic
compatibility (EMC) for measurement applications. The evolutions in wireless systems
have motivated researchers to develop new communication forms to exploit the spectrum
in the best way and enhance the reception quality [2-5]. Therefore, the cognitive radio
technology was the best solution for this matter as it consists of two different antennas, one
for sensing with Ultra-wideband of (3.1-10 GHz) to identify the state of the band-idle or
active, while the other antenna is a communication antenna (reconfigurable antenna) [6-11].
This research focuses on the EMC applications, whereas an Ultra-wideband antenna can be
used as a reference antenna for emission and immunity tests of the device under the test
(DUT) inside the EMC chamber [12]. Several antenna configurations have been utilized to
measure electromagnetic interference (EMI) based on the operation frequency and radiation
characteristics. For instance, in [13], the authors showed the AF characteristics of the sleeve
dipole antenna for EMC measurement by changing the sleeve dipole parameters, which
offered an 86% size reduction compared to the conventional biconical antenna with similar
characteristics. The performance of the log-periodic dipole array antenna was improved
in [14] using a saw-tooth shape feedline. The successive dipoles will be arranged in the
same horizontal plane, eliminating the unwanted vertical electric field component. A
complimentary log-periodic dipole array with cross-polarization was proposed in [15].
This structure has a set of dipole antennas orthogonal to conventional log-periodic dipole

Electronics 2022, 11, 2877. https:/ /doi.org/10.3390/ electronics11182877

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics11182877
https://doi.org/10.3390/electronics11182877
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0003-0027-2607
https://orcid.org/0000-0002-3328-6741
https://doi.org/10.3390/electronics11182877
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11182877?type=check_update&version=2

Electronics 2022, 11, 2877

2 of 20

antennas, offering a circular polarization without any hybrid junction. A pair of printed
broadband Vivaldi antennas with a coaxial feeding method operating from 0.5 GHz to
4 GHz was designed, fabricated, and tested [16]. Moreover, the proposed design served as
a reference antenna for EMC measurement since it exhibited stable radiation characteristics
and a maximum gain of 6.2 dBi. The width of the ridge of the double ridge guide horn
(DRGH) antenna was tapered linearly in [17]. This process maximized the effective radi-
ation aperture and reduced the beamwidth compared to conventional 1-18 GHz DRGH.
Another horn antenna with miniature size and wide bandwidth was presented in [18],
where the idea of extending the lower frequencies was inspired by the fishtail structure and
classical ridge structure. UWB skeletal antenna was proposed in [19]. This antenna showed
good results in VSWR compared with the biconical antenna in the band up to 200 MHz,
which is considered another wire UWB antenna family. Ref. [20] presented a novel UWB
monopole antenna for EMC measurement applications, and this antenna covered two
bands (0.79-1 GHz) and (1.37-10 GHz). In Ref. [21], the authors proposed a novel method
for optimizing small elliptical planner dipole antenna for ultra-wideband EMC applications.
The characteristics of this antenna-like wide band (1-5 GHz) and flatness gain enabled it to
be a powerful tool for EMC measurements. The LPDA antenna is extensively used because
it provides a high directivity and flat gain over the wideband spectrum [22].

Moreover, an LPDA antenna is called frequency-independent when the ratio of higher
frequency to the lower frequency is more than ten times, where the impedance and radiation
characteristics remain constant as a function of frequency. The lower operating frequency
of the LPDA determines its size and, consequently, the length of the most extended dipole.
Since the aimed wide operation frequency band starts from 500 MHz, the LPDA length
will be considerably large. To overcome this LPDA size limitation, the printed log-periodic
dipole array (PLPDA) antenna has been presented recently utilizing printed circuit board
(PCB) technology that offers good specifications such as low cost, low profile, small size,
and easy fabrication [23]. In PLPDA, all the parameters of the conventional LPDA antenna
are divided by the square root of the effective dielectric substrate (,/g.fy).

The majority of EMC reference antennas are dedicated to serving in the band starting
from 700 MHz to 2.4 GHz since this band is occupied by different applications such as
GSM 850-900 MHz, mobile 1800 MHz, 3G 2100 MHz, and Wi-fi 2400 MHz and has a high
probability to interference [24]. On the other hand, the band from 2.5 GHz to 6 GHz must
be taken into account due to the fact it is occupied with another set of critical applications
such as WIMAX 3.5 GHz and 5.3 GHz, mid bandwidth for 5G 2.5-3.8 GHz, PAN 4.8 GHz,
and WLAN 5.8 GHz [25].

In the last decade, several structures of PLPDA serving different applications were
presented; some offer size reduction, while others provide wide bandwidth. For instance,
Casula et al. [26] showed an ultra-wideband (4-18 GHz) printed log-periodic dipole array
antenna design with 15 dipoles. An infinite balun was realized using two symmetrical
coaxial cables attached at the top and bottom sides. Moreover, this antenna was designed to
stabilize its radiation pattern without changing the phase center during the operating band.
Step-by-step design procedures for PLPDA antenna were illustrated in [27]. The design
started with nine dipole elements according to the spacing and scaling factor values of
0.78 and 0.14. Then, three extra dipoles were added to satisfy the condition (511 < —10 dB)
through the whole operation band. Therefore, this antenna offered wide bandwidth starting
from 800 MHz to 2.5 GHz with size reduction using only 12 dipoles. In [28], a PLPDA
antenna with a balanced feed structure was presented. The authors modified the width of
the feeding lines to compensate soldering effect and offer broadband impedance bandwidth
starting from 500 MHz to 3 GHz. Furthermore, a stable high gain with low tolerance of
0.5 dB was achieved. In [29], 48 dipole elements were utilized to obtain wide bandwidth of
8.5 GHz using the hat-loaded technique for the first three dipoles and the technique of T-
shaped loaded for the following three dipoles. Moreover, wide impedance bandwidth was
achieved using meandered line and trapezoid stub methods. Another wideband PLPDA
structure (0.5-10) GHz with 25 dipole elements was presented in [30]. Wide bandwidth and
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size reduction were achieved using dual-band dipole technology. Ref. [31] offered PLPDA
of (0.8-2.5) GHz bandwidth using 12 dipole elements with a small size. These 12 dipoles
were arranged in a way so that the length of each one decreases gradually relative to
the next one, and each dipole resonates at its center frequency to cover the overall EMC
spectrum L-band. A wideband printed LPDA antenna (0.4 GHz to 8 GHz) was proposed
in [32]. The low-frequency response of this structure was improved by replacing the most
extended traditional dipole with a triangular shape and optimizing the width, length, and
spacing of the following four dipoles. The upper-frequency range of the proposed PLPDA
antenna in [33] was increased to operate from 780 MHz up to 18 GHz by introducing a ratio
factor parameter that used the truncate method to improve the properties of this antenna.

One of the motivations for using a compact PLPDA antenna rather than the classical
one in EMC measurement is the shorter measurement distance. The shorter measurement
distance can achieve a high strength field in the uniform field area (UFA) without increasing
the input power in the radiated immunity test. Furthermore, radiation emission and
radiation immunity are essential criteria for EMI measurements and should be performed
in the far-field region. Figure 1 depicts the EMC measurements setup according to CISPR
standards. The radiation pattern of the reference antenna must cover the device under
the test to obtain a proper response. Usually, the devices under the test have different
dimensions. Therefore, other reference antennas are required to obtain the maximum field
strength. Unfortunately, having many antennas in one EMC laboratory is not the right
choice. The alternative solution is to have a small number of reference antennas. The
maximum field strength is achieved by changing the measurement distance according to
the device under the test. Therefore, the compact antennas are fit with changing the test
distance since the DUT is still in the far-field region of these antennas [34].

Theta 3dB Reference antenna

Turntable Floor

Figure 1. The EMC measurements chamber according to the CISPR standards.

The minimum measurement distance is controlled by the largest dimension of the
antenna (D), DUT dimension, and the maximum resonance frequency (above 1 GHz)
according to CISPR 16-1-2 [35]

D2
=51 )

Let us compare the classical log periodic dipole array antenna, which has the highest
dimension, D = 340 mm, with the compact antenna having D = 170 mm. Both antennas
are operating up to 6.5 GHz. According to (1), the shorter measurement distance for the
classical antenna should be ds > 3 m. On the other hand, the minimum measurement
distance for the proposed antenna should be ds > 0.6 m, while it must be >1 m according
to CISPR standard [35]. Due to the compact size of the proposed antenna, the measurement
distance (ds) could be alternated to 1.25 m in the case of small DUTs, and in this case, the
illumination area will be 1.5 m, making it suitable for most DUTs.

The other motivation is the test configuration issue. Based on EMC standards,
i.e., CISPR 16-2-3, the minimum distance between the reference antenna and the ground

d
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plane must not exceed 25 cm. The main problem will occur through the test with the vertical
orientation of the antenna, where the antenna will be very close to the ground, especially at
low frequency. This problem will lead to wrong measurements due to interference between
the reference antenna and the ground plane [36]. This problem will not be an issue in the
printed reference antenna due to the small size they have by using a substrate with high
relative permittivity &, = 4.3 to minimize the size, and hence, it satisfies the condition
even with low frequencies. This paper presents an analytical study for a small-size printed
log-periodic dipole array antenna based on bow tie-shaped dipoles instead of the typically
printed dipoles. This structure aims to tackle both goals—bandwidth enhancement and
size reduction—to serve as a reference antenna in EMC measurements for the band starting
from 0.5 GHz to 6.5 GHz. Section 2 describes the comparative analysis of conventional
and bow tie-shaped dipoles. The basic design of the log-periodic antenna is illustrated in
Section 3. Section 4 briefly discusses the various feed techniques and their effect on the
antenna characteristics, while Section 5 demonstrates the simulation and measurement
results by comparing the literature reviewed and the proposed design. Finally, Section 6
presents a comprehensive conclusion with recommendations.

2. Comparative Analysis of Conventional and Biconical Dipoles

This section focuses on the benefits of using a biconical dipole instead of a classical
one. The size reduction and bandwidth enhancement benefits have been demonstrated by
designing and simulating two dipoles—conventional dipole and biconical dipole—using
CST Microwave studio with a discrete feeding port, as shown in Figure 2. Furthermore,
both dipoles have a length of (L = 170 mm) and widths (Wl = 6 mm and w2 = 16 mm,
respectively). The proposed structures are based on an FR-4 substrate with a size of
Ls = 180 mm and Ws = 160 mm.

»
>

< > f——\Ls/ A

L |¢ w2 «—>

wl e Th~—

Ws

(a) (b)

Figure 2. Two dipoles are modeled in CST Microwave Studio: (a) conventional dipole;
(b) biconical dipole.

Figure 3 shows the reflection coefficient in dB versus frequency. It is clear that the pro-
posed dipole requires a length less than a conventional one to achieve the same resonance
frequency, and this process will develop by using an array of these dipoles. Moreover,
the proposed dipole offers wider bandwidth than the traditional one, as is evident in the
biconical dipole impedance curve in Figure 4, which is flatter with frequency than the
conventional dipole curve. Figure 5 shows the role of dimension d in mm for tuning the
bandwidth of the biconical antenna. This feature is valuable in the following design steps
to obtain the optimum dimensions of the PLPDA antenna. It can be concluded that keep-
ing the starting points of the electromagnetic waves close to each other directly impacts
broadening the bandwidth [1], which is why the biconical dipole has wider bandwidth
than the conventional one.
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----- S11-biconical

—— S11-conventional

Reflection coefficient / dB

0.5 0.6 0.7 0.8 0.9 1 i | 1.2
Frequency / GHz

Figure 3. Reflection coefficient versus frequency for conventional and biconical dipole.

reactance biconical
reactance conv.
resistance biconical

resistance conv.

Input impedance / Ohm

T T | T
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Frequency / GHz

Figure 4. Input impedance versus frequency for conventional dipole and biconical dipole.
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S11/dB

= 51,1 (d=2.5 mm)
e 51,1 (d=10 mm)

= 51,1 (d=15 mm)
-25 T T T T T

0.6 0.7 0.8 0.9 1 1.1 1.2
Frequency / GHz

Figure 5. S11-parameter versus frequency for different values of d in mm.

3. Printed Log-Periodic Dipole Array Antenna Design

The log-periodic dipole antenna was first derived from the conventional dipole (radiate
at half wavelength) by Isbell [37]. It consists of several dipoles, and each one resonates at
its wavelength corresponding to the length. It is worth mentioning that all dipoles whose
lengths are higher than wavelength act as reflectors, whereas they would act as directive
dipoles if their lengths are smaller than the wavelength [38]. Moreover, the classical analysis
method was described by Carrel [39], which presents straightforward procedures for the
design using the following six steps:

1.  According to the desired directivity, scaling factor (7) and spacing factor (¢) can be
evaluated from the point intersection of the straight line ¢ = 0.243 T — 0.051.
2. Using Equations (2)—(4) to find out the maximum number of dipoles

log B
N=1+4-2825 2)
log 7
fupper
Bs = BB,y = X By 3)
flower
2 40

T (4)

where Bg and B, present the structure bandwidth and the active region bandwidth, respectively.

By = 1.1+7.7(1 - 1)

3. Thelength of the most extended dipole (first one), which matches the lowest frequency,
can be found from Equation (5).

3x108
flower

4.  The distance between each successive dipole can be calculated using Equation (6).

le X

©)

NI~

Li—L, 40
2 “1-7 ©)

5. The dipoles” width can be evaluated using Equations (7) and (8).

Zo = 3—77: <ln<§2) - 2.25) @)

Ry — Ry =
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W, = T X a, ®)

6. Equations (9)-(11) are used to calculate the length, distance, and width of
successive dipoles.

Ll’l+1 =TX Li’l (9)
Rpyy1 =T X Ry (10)
Wyi1 =T X Wy (11)

Finally, the length of the dipoles, the width of the dipoles, and the spacing between

dipoles should be divided by the square root of the effective dielectric constant, \/217, \/%,

and \/12:7’ respectively [32]. The effective dielectric constant is described by Equation (12).
1
&e+1 & +1 h]™ 2

€gff = > + ) [1 + 12w} (12)

According to the EMC measurement application, low bandwidth and large size were
the main issues in designing printed log-periodic antennas. Using an antenna as a reference
in EMC measurements requires wide bandwidth to cover the electromagnetic interference
(EMI) with the communications bands that spread in the whole spectrum. On the other
hand, the size was a considerable impact factor in the shorter measurements distance
and test configuration. Therefore, the classical dipole elements were replaced with a
trapezoidal shape to form a biconical array antenna instead of the typical dipole array
since the biconical antenna offered a wider bandwidth than a classical dipole antenna [40].
By doing so, the proposed design has achieved both bandwidth improvement and size
reduction simultaneously. The geometrical shapes for both conventional and biconical
dipole array antennae are presented in Figure 6.

H
)

= |

(a) (b)
Figure 6. The geometrical structure of 11 elements of (a) conventional design and (b) proposed design.

The spacing between adjacency dipoles becomes smaller as it approaches the high-
frequency dipoles. In contrast, low frequencies at the longest dipoles have higher band-
width than the lowest length dipoles, which have sharp bands. Therefore, the spacing
should be obtaining small to make these sharp bands close to each other, and consequently,
it leads to achieving a wide band. Figure 7 shows the reflection coefficient of the con-
ventional and proposed designs. The biconical dipoles have significantly impacted the
impedance bandwidth (from 0.5 GHz to 5.5 GHz) compared with linear dipoles (from
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0.7 GHz to 3.3 GHz). Hence, the biconical dipoles have better performances than the
conventional dipoles.

[1a)]
o
Ny
g
[0}
]
£
S
©
a
-
v
)]
-40 A : -
a5 e 51,1 With biconical
’ e 51,1 Without biconical
-50 T T T T T
0 1 2 3 4 5 6
Frequency / GHz

Figure 7. S11-parameter versus frequency with/without biconical structure.

Even with this promising result of the reflection coefficient of biconical dipoles array
antenna, the voltage standing wave ratio still does not satisfy the condition VSWR < 2,
especially at 2.4 GHz, in which the reflection coefficient is approximate —9 dB. Hence, an
extra dipole (conventional one) is designed and optimized to eliminate this reflection, and
the result is shown in Figure 8. This additional dipole was inserted between the input port
and the biconical element number 11 [27]. It is clear that through the whole frequency band
from 0.5 GHz to 6 GHz, the VSWR < 2, and the reflection coefficient value is now below
—10 dB. Furthermore, it was found that the changing of the extra additive dipole length has
also significantly affected the gain values. Figure 9 presents the gain variation with different
lengths of this extra dipole. The length L12 = 10 mm reflects the lowest gain fluctuations,
which is necessary to achieve a good antenna factor result with low uncertainty. However,
the gain could be flatter with increasing the length of the additive dipole, but it will corrupt
the impedance matching since there is a trade-off process. Therefore, L12 = 10 mm is the
optimum value for both the s-parameter and the gain.

5
0 -
-5 .
o
©
~ -10 A
o
(0]
5 151
IS
) S | ]G | RS AT A R SV SRR
&
- 25
L)
2]
-30 1 : :
35 - = S1,1 With extra dipole
= 51,1 Without extra dipole
-40 T T T T T
0 1 2 3 4 5 6

Frequency / GHz

Figure 8. S11-parameter versus frequency with/without extra dipole.
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Gain (IEEE) / dBi

— | 12=8 mm
— | 12=9 mm
| 12=10 mm

1.5 P 2.5 3 3.5 4 4.5
Frequency / GHz

Figure 9. Simulated gain with different lengths of extra dipole.

Figure 10a shows the optimized geometrical shape of the design, while Table 1 illus-
trates the optimum values of each dipole element’s parameter. The width of the dipole is
set at the value of 10 mm except for the first dipole’s width (W1 = 13 mm) and the extra
dipole’s width (W12 = 5 mm). On the other hand, parameter (d) plays a vital role in having
broadband impedance matching since it is the central part of modifying every dipole’s bi-
conical shape, as shown previously in Figure 5. Finally, an optimization process took place
on the overall dimensions to obtain better performances using Microwave CST Studio’s
facilities [41]. The utilized structure is epoxy FR-4 relative permittivity e, = 4.3, and loss
tangent of tand = 0.025. Figure 10b depicts the cross-section area of the proposed structure.

Jkn

Extra dipol

< Ja

=

]

[ =] Ln

dn

Y

Copper _ Wil >
0.035 mm il '
1.58 mm FR-4 Substrate
0.035 mm —Iz FI
Copper W2 z
L %
(b)

Figure 10. (a) The optimized structure of the biconical dipole array antenna; (b) cross-section area for
the biconical dipole array antenna.
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Table 1. Illustration of optimum values of the parameters.

No. 1 2 3 4 5 6 7 8 9 100 11 12

L (mm) 77.5 65 60 55 50 45 40 31.8 275 212 15 10
W (mm) 13 10 10 10 10 10 10 10 10 10 10 5
R (mm) 20 19 19 17 13.7 12 12 12 12 12 12 -
d (mm) 20 30 275 1375 1125 11.25 11.25 5 5 5 5 -

4. Feeding Techniques

The feeding techniques play a vital role in designing the log-periodic dipole antenna
array. The typical feeding method consists of two non-radiated microstrip lines attached to
each substrate’s side to connect the successive dipoles. There will be a 180° phase difference
between every two consecutive dipoles, ensuring the energy will radiate only from the
exciting dipole. At the same time, there is no contribution by the coupling from the next
dipole, which has a reverse direction. The width of each microstrip feeding line wy can be
calculated using Equation (13) [40].

87 In( 598 x h
Ve +141 0.8 x wy

where  is the height of the substrate, z) represents the characteristic impedance 50 (). In
this work, the balance feeding method is employed. The top microstrip line has a width
wy; = 3.5 mm while the width of the bottom microstrip line is ws, = 5 mm, The 50 Q)
impedance point is usually located near the narrow tip of the PLPDA antenna. To achieve
impedance bandwidth less than —10 dB for all elements in the array, a parametric sweep
has been performed to change the width of the transmission line by creating a balun to
balance the surface currents distribution between the two sides of the transmission line as
described in [28]. These optimum values are obtained with the help of CST Microwave
studio to obtain wider impedance bandwidth starting from 0.5 GHz to 6 GHz.

zZ0 —

) (13)

5. Simulation and Measurement Results

The proposed design has been fabricated and tested in the EMC laboratory at the
University of West Bohemia, Faculty of Electrical Engineering. Furthermore, the fabrication
process takes place with the help of an LPKF ProtoMat S100 CNC machine. The utilized
structure is epoxy FR-4 with relative permittivity ¢, = 4.3, and loss tangent of tané = 0.025.
The phototype of the fabricated design is shown in Figure 11.

(b)

Figure 11. The prototype of the proposed design: (a) front view; (b) back view.
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5.1. S11-Parameter

The reflection coefficient of the proposed design has been measured using the RIGOL
DSAS875 Spectrum Analyzer (9 kHz-7.5 GHz) with directional couplers (RIGOL VB 1032
and RIGOL VB 2032), as shown in Figure 12a. These two directional couplers are utilized
simultaneously to cover the band up to 8 GHz (RIGOL VB 1032 (0.1-3.2 GHz) and RIGOL
VB 2032 (2 to 8 GHz)). Figure 12b shows the simulated and measured return losses. It

can be seen that the design offers a wide impedance bandwidth of 0.55-6 GHz in both
simulation and measurement results.

Simulated and Measured S-parameters
0 T T T T

= = = Measured S11
Simulated S11

Reflection coefficent / dB

451 1

50 I I I I I I
1 2 3 4 5 6

Frequency / GHz

(@) (b)

Figure 12. (a) The reflection coefficient measurement setup of the proposed structure; (b) simulated
and measured return losses versus frequency.

5.2. Surface Current Distribution

The surface current distribution is the best way to take a deep sight of the structure’s
behavior, and fortunately, this property exists in the simulation of CST Microwave studio
software. Figure 13 demonstrates the surface current distribution at various frequency
bands. The active region’s transition from the large dipoles to the smaller ones coincides
with the resonance frequency transition. The active region’s smooth and continuous
transition will reflect high gain and radiation pattern stability.

_—— e BE

(a) (b) () (d)

Figure 13. Surface current distribution at: (a) 0.7 GHz; (b) 1.2 GHz; (¢) 2.2 GHz; (d) 4.5 GHz.
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5.3. Radiation Pattern

EMC chamber at the University of West Bohemia was utilized for radiation pattern and
gain measurements, as shown in Figure 14. The proposed antenna is rotated around its axle
360° in both vertical and horizontal directions to achieve the results of the E-plane and H-
plane, respectively. The simulated and measured radiation patterns in both the E- plane and
H-plane are shown in Figures 15 and 16, respectively. Furthermore, the measured radiation
patterns in both planes are agreeable with the simulated results from CST Microwave studio.
The direction of the main lobe is at 90° for both elevation and azimuth plane. The back
lobe of the azimuth plane is prominent at low frequencies and decreases gradually with
high frequencies. The radiation pattern deterioration is clearly observed at high-frequency
bands in both E-field and H-field presented in Figures 15 and 16, respectively [42].

Figure 14. Radiation pattern setup for the proposed antenna inside EMC chamber.

Elevation / 700 MHz
% s
120 60

Elevation /1.2 GHz

150 30 150 30
180 v A 0 180 0
{ ol TN
* 1
----- Measured e Measured
210 Simulated 330 210 Simulated 330
= = = Cross-pol. = = = Cross-pol.
240 300 240 300
270 270
(@) (b)
Elevation /2.4 GHz Elevation/ 4.5 GHz
90 25
150 30 150 30
180 0 180 0
—==== Measured
Simulated geﬁ“tj
210 = = = Cross-pol 330 210 i 330
= = = Cross-pol.
240 300 240 300
270 270
() (d)

Figure 15. E-plane radiation pattern: (a) 0.7 GHz; (b) 1.2 GHz; (c) 2.2 GHz; (d) 4.5 GHz.
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Azimuth / 700 MHz Azimuth /1.2 GHz
90 50 90 40

120 60 120 60
=30

N\
30 150 / 2 30
————— Measured | /
A [
simuated || ~
= = = Cross-pol. |

————— Measured
Simulated
= = = Cross-pol.

330 210 AT 330
N/
240 300 240 300
270 270
(a) (b)
Azimuth /2.4 GHz Azimuth /4.5 GHz
90 30 90 20

120 60

————— Measured
Simulated
= = =Cross-pol. |

----- Measured |/’
Simulated I/
= = = Cross-pol. |s
180

210

240 300
270

(c) (d)
Figure 16. H-plane radiation pattern at: (a) 0.7 GHz; (b) 1.2 GHz; (c) 2.2 GHz; (d) 4.5 GHz.

5.4. Axial Ratio, Co and Cross-Polarization

One of the important parameters in designing a reference antenna is the Co-polarization
(desired radiation) and Cross-polarization (orthogonal to the desired radiation) of the radi-
ation pattern in both azimuth and elevation planes. The EMC reference antenna is required
to be linearly polarized in the design. However, a slight difference in behaviors will appear
from the designers’ intentions. For instance, even the log-periodic dipole array antenna
that uses opposite dipoles arrangement to provide smooth phase transportation between
the elements shows an elliptical polarization. Furthermore, unwanted radiation will show
up when the phase is not in the main element (cross-polarization), and this part cannot be
eliminated. Instead, it could be minimized with the proper design. According to the EMC
applications, the acceptable limit of cross-polarized rejection ratio is (14 dB to 20 dB) [43].
According to EMC standards, the cross-polarized in both E-plane and H-plane for the
proposed antenna have been satisfied.

The term axial ratio (AR) demonstrates the type of polarization, whether circular,
elliptical, or linear. The axial ratio of the circular polarization pounces between 0 and 3 dB,
the AR of elliptical polarization is higher than 3 dB, and finally, the linear polarization will
stand for AR going to infinity (theoretically). In fact, there is no practical /industrial norm
for differentiating elliptically polarized antenna from linearly polarized antenna in terms
of the axial ratio. Authors in [44] claimed the proposed design exhibits linear polarization
with AR > 10 dB in planes (¢ =0, 6 = 0) and (¢ =90, 6 = 0) since linear polarization may be
viewed as a special case of elliptical polarization. The phase difference between the two
gain components was close to zero in the direction (0 = 0), indicating linear polarization
raised from the radiation pattern properties [45]. The proposed structure offered linear
polarization with more than 20 dB AR except for some frequencies, as shown in Figure 17.
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Figure 17. The simulated axial ratio in dB versus frequency.

5.5. Realized Gain and Antenna Factor

As we mentioned earlier, the bandwidth and the antenna factor are critical factors in
designing the reference antenna. Wide bandwidth allows the detection of the EMI over a
wide range of applications. At the same time, the antenna factor measures how much the
structure is good to work as a reference antenna. The antenna factor is dedicated to finding
out the incident field in space by knowing the received voltage. According to Equation
(14), it is clear that the antenna factor is inversely proportional to the wavelength times the
root square of the realized gain [16]. Equation (15) is used to calculate the antenna factor in
(dB/m) from the realized gain of the antenna in (dBi).

E, 9.73

AF =21 = 222 14
Vi AVG (9
27 24

The simulated and measured realized gain (dBi) are depicted in Figure 18. Relatively
small fluctuations in gain values (4.6-7) dBi reflect good behavior in antenna factor values
(24-41) dBm~!. Figure 19 shows the antenna factor versus frequency, while the antenna
factor values are listed numerically for each frequency band in Table 2. It can be seen
that the gain and, consequently, the antenna factor are in line with the typical values of a
standard EMC antenna [46].

5.6. Comparison with the Literature Reviewed

In the last decade, several structures of PLPDA antenna were proposed to work as
a reference antenna inside the chamber for EMC measurement, and these articles have
used different techniques for size reduction and bandwidth enhancement. Table 3 lists the
design specifications and achievements for these literature articles.
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Simulated and measured gain vs. frequency
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Figure 18. Presentation of the simulated and measured realized gain in dBi versus frequency.
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Figure 19. Presentation of the simulated and measured antenna factor in dBm~! versus frequency.

Table 2. Mlustration of optimum values of the antenna factor and corresponding gain versus frequency.

Freq./GHz 0.7 1 1.5 2 2.5 3 3.5 4 45 5 55 6

AF/dBm~1 18 245 281 315 329 343 351 362 377 395 395 411
AG/dBi 7 5.7 5.6 47 52 5.4 6 6 55 47 54 46
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Table 3. A comprehensive comparison between the proposed design and the literature papers.

Our
Rf. [271 [28] [29] [30] [31] [32] Work
Freq./GHz (0.8-25)  (0.5-3)  (0.55-9)  (0.5-10)  (0.8-2.3)  (0.4-8) (0.5-6)
FBW 103% 143% 177% 181% 96.7% 180% 170%

& 43 43 35 35 43 43 43

T 0.78 0.86 0.93 0.91 0.86 0.9 0.86
Gain/dBi 6.5 7-7.5 2478 3-6 4563 2569 467

No.of 12 12 48 25 12 25 12

dipoles

Size/Ao 0.426 x 0.4 044 x 0.25 049 x 035 0.36 x 043 0426 x 0.37 0.36 x 0.37 0.28 x 0.26
Feeding Typical Balanced Typical Typical Optimized Typical Balanced
Application EMC EMC EMC EMC EMC EMC EMC

It is worth mentioning that the relative bandwidth (FBW) presents the percentage of
increased bandwidth and can be evaluated using Equations (16) and (17). Additionally, the
size here is in terms of the wavelength that matches the lower frequency band (f;).

FWB = fhf_fl x 100 (16)
_funthi
w =T (17)

Table 3 illustrates the design specifications for several proposed designs that have
been presented to serve as a reference antenna for EMC measurements inside the cham-
ber [27-32]. The bandwidth enhancements and the size reduction are the main goals for all
these works as they are controlled by the number of dipole elements and the spacing factor.
For instance, [29] offers wide impedance bandwidth of about 8.5 GHz (FBW = 177%) with a
fluctuating gain of 2.4-7.8 dBi, while it is required 48 elements with a size of 0.49 x 0.355 Ay.
Authors in [30] use the dual-band dipole element technique to achieve a wide bandwidth
of 9.5 GHz (FBW = 181%), with a gain of 3-6 dBi, while it requires 25 elements with a size
of 0.36 x 0.43 Ar. On the other hand, our work aims to tackle bandwidth enhancement and
size reduction goals. The proposed design uses a biconical dipole to obtain wide impedance
bandwidth of 5.5 GHz (FBW = 170%), with a relatively low fluctuated gain of 4.6-7 dBi,
and it requires only 12 elements based on a small size of 0.28 x 0.26 Ar. Table 4 presents the
miniaturization techniques that have been used in [29,30] and the size reduction percentage
compared to our works. Moreover, the constant gain behavior in the whole frequency band
reflects a good antenna factor compared to the commercial design.

Table 4. Comparison between the miniaturization techniques used in [29,30] and the proposed work.

Ref. Size Reduction Miniaturization Technique
[29] 27% and 20% Using Hat loading and Top loading
[30] 40% Using Dual-band dipoles

This work 50% and 50% Using biconical dipoles

5.7. Comparison with the Commercial LPDA Antenna (HyperLOG® 7060)

A comprehensive comparison between the proposed structure and the commercial de-
sign HyperLOG® 7060 from the AARONIA AG website is listed in Table 5 [47]. HyperLOG®
7060 antenna has relative bandwidth of 158% with a size of 340 x 200 x 25 mm. On the
other hand, the proposed antenna has better relative bandwidth of 170% with a compact
size of 170 x 160 x 1.6 mm. Moreover, both commercial and proposed designs have an
acceptable low variation gain related to the EMC applications and reflect good antenna
factor values (AF).
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Table 5. Comparison between the proposed antenna and commercial antenna.

Specifications HyperLOG® 7060 Proposed Design
Dimensions/mm 340 x 200 x 25 170 x 160 x 1.6
Design Logarithmic-periodic Logarithmic-periodic
Substrate - FR-4
Weight/g 250 70
Gain/dBi 3.1-5.5 4.6-7
Frequency range/MHz 700-6000 500-6000
Antenna Factor *1) /dBm~1 2641 24.5-41.18
SMA Female SMA Female

RF Connector ; |
Picture s '

*(1) frequency range from 0.7 GHz to 6 GHz.

The Antenna factor (AF) measures how much the proposed design is suitable to serve
as a reference antenna by comparing the AF of the proposed structure with the standard
AF. Unfortunately, none of the reviewed literature presents the antenna factor. In this work,
the antenna factor of the reviewed literature, whose cover band is up to 6 GHz, and the
proposed design were calculated from its given gain in dBi using Equation (15). The results
are compared with the commercial Hyperlog 7060, as shown in Table 6. The AF of the
proposed design has lower tolerance than the commercial Hyperlog 7060 due to the tiny
fluctuations in the realized gain.

Table 6. Antenna factor comparison of the proposed design, the literature reviewed papers, and
commercial design HyperLOG 7060.

Freq./GHz AF[29] AF[30] AF [32] Proposed Design  AF [HyperLOG 7060] [47]

0.5 20 20 22 18.1 -
1 23 25.5 29.5 245 26
1.5 27 28.5 30 28.1 29
2 30 315 30.5 31.5 31.5
25 32 33.5 32 329 33
3 34 36 34 34.3 35
3.5 35 37.5 35 35.1 36.5
4 36 39 36.5 36.2 37.25
4.5 37 40 37 37.78 37.75
5 37.9 41 38 39.5 38.5
55 39 41.5 38.5 39.54 40.5
6 40 42 40 41.18 41

It is worth mentioning the minimum 3 dB beamwidth of the proposed antenna is
agreeable with the standard limits of the classical PLPDA in CISPR 16.1.2, as shown in
Table 7. The minimum dimension of w can be calculated using Equation (18), where w
is the minimum dimension of the line tangent to the DUT formed by the minimum 3 dB
beamwidth (@3dB), as shown in Figure 1.

w =2 xd xtan(0.5 x @3dB) (18)

where, d is the minimum measurement distance between the reference antenna and the
DUT and can be either 1 m, 3 m, or 10 m.
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Table 7. Comparison between the minimum distance w in both CISPR 16.1.2 standard and proposed

antenna at minimum measurement distance d = 1 m.

@3 g CISPR w of CISPR ©Ds3qp Proposed w of Proposed
Frequency/GHz 16.1.2/° 16.1.2/m Design/° Design
1 60 1.15 112 2.95
2 55 1.04 141 4.28
4 55 1.04 55 1.04
6 55 1.04 46.4 0.85

6. Conclusions

A Compact size log-periodic dipole array antenna is designed, modeled, and fabri-
cated. This design is dedicated to serving as a reference antenna for EMC measurement.
The use of dipoles with biconical shapes rather than normal ones has reflected a size re-
duction of (50%) and bandwidth enhancement (relative bandwidth of 170%). Furthermore,
the balance feeding method is deployed to obtain wideband impedance matching (from
0.5 GHz to 6 GHz). The compact size has given the freedom to change the measurement
distance to 1.25 m in the case of a small DUT, and in this case, the illumination area will
be 1.5 mm, which is suitable for most DUTs. A good value of the realized gain has been
achieved with tiny fluctuation (4.6-7) dBi through the whole bandwidth with the help of
an extra dipole. Calculating the antenna factor and comparing it with the standard result
of the conventional LPDA antenna is a trusted investigation method to show the validity
of the proposed design. For instance, an antenna factor (23—41) dB/m for the proposed
design is compared to the antenna factor (26—41) dB/m for a commercial (0.7-6) GHz LPDA
antenna (HyperLOG® 7060). Moreover, more investigations could be performed on this
antenna for future work, such as the calibration and modeling of an equivalent circuit.
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