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Abstract: This paper presents a comprehensive design approach for a biconical log-periodic dipole
array (Bi-log) hybrid antenna optimized specifically for electromagnetic interference (EMI) measure-
ments. The antenna’s elements, scaling function, feed structure, balanced-to-unbalanced (Balun)
geometry, and key parameter selection are carefully considered to achieve enhanced broadband test-
ing capabilities. The proposed compact Bi-log hybrid antenna is optimized using Taguchi’s method
within the frequency range of 30 MHz to 6 GHz. The optimization focuses on the discontinuity
of the antenna factor (AF), incorporating miniaturized elements. The dimensions of the proposed
antenna are minimized, with a length of 95 cm, width of 148.5 cm, height of 60 cm, and weight of
2.5 kg. Simulation results and experimental validations demonstrate its efficacy through comparison.
Optimization results indicate that the voltage standing wave ratio VSWR < 2 (with 5 dB attenuator)
and symmetry < ±0.5 dB also meet the regulatory standards according to ANSI C 63.4. This makes
the proposed antenna suitable for use in various types of semi-anechoic chambers.

Keywords: antenna factor; Bi-log hybrid antenna; electromagnetic interference; optimization design;
Taguchi’s method

1. Introduction

Broadband antennas are widely used in electromagnetic interference (EMI) measure-
ment systems. Many types of broadband antennas have been well-documented and applied
for various aims, for example, biconical antenna, log-periodic dipole array (LPDA) antenna,
biconical log-periodic dipole array (Bi-log) antenna, and horn antenna. Bi-log antennas are
the most commonly used in practice tests and are used primarily as receiving antennas in
radiation emission tests. The Bi-log antenna is a typical broadband antenna with complex
geometry and is a hybrid antenna [1]. A hybrid antenna is defined as any constructed an-
tenna that includes a combination of both broadband dipole elements and LPDA elements.
Refs. [2,3] evaluated the structure of Bi-log antennas in 15 elements to cover the frequency
range of 30 MHz to 1 GHz, but their operation bandwidth might exhibit a limitation when
compared with conventional antennas. The impact of a ground plane and mutual coupling
on the antenna factor (AF) was investigated using the Bi-log antenna in [4]. The paper
provided information on the AF, an important parameter for EMI measurement with a
receiving antenna in an electromagnetic field. Additionally, it is also defined as a key factor
for characterizing antennas.

In recent years, many types of printed LPDA antennas have been developed to possess
lightweight, low-cost, good directivity, and wide bandwidth properties [5–9]. Although
the design of this antenna was uncomplicated, expanding it to cover broad frequency
ranges and higher frequencies while maintaining a compact size could pose challenges.
Abdulhameed et al. [5] presented a compact printed log-periodic biconical dipole array
antenna that achieves size reduction, and bandwidth enhancement from 0.5 GHz to 6 GHz,
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but its feeding technique may result from undesired radiation during measurements.
In [6], a compact bowtie-shaped dipole element of printed LPDA antenna is proposed for
ultra-wideband application. Its lowest operation frequency was 0.5 GHz, and its average
gain was only 6 dBi. A sinusoidal curve LPDA antenna with dielectric loading has been
proposed in [7]. It has a bandwidth of 0.2 GHz to 0.8 GHz and a gain of 4.5 dBi. According
to [8], the study introduced a printed LPDA antenna with a dual-band dipole element. The
antenna has a compact size in terms of axial length, from 0.5 GHz to 10 GHz. Although
the antenna gain was between 3 and 6.01 dBi, forming an array of 25 antenna elements
could be a challenging issue. A compact planar LPDA antenna operating from 0.55 to
9 GHz within top-loading techniques with 50 elements array was proposed [9]. Its radiation
patterns were not pointed in the direction of light, and its antenna gain ranged from 2.48
to 7.89 dBi. Additionally, the bandwidth of these antennas is not wide enough to cover
30 MHz and may not be suitable for EMI measurement. All of these antenna structures
were also implemented on a lossy substrate, which affected both impedance matching and
radiation efficiency. The balanced-to-unbalanced (Balun) is typically supplied as a part
of the antenna for matching the wideband impedance. The analysis of the infinite Balun
feed structure in [10] was exaggerated due to antenna asymmetry, which was resolved by
decreasing the size of the feed.

For measurement applications, previous studies have extensively presented the causes
of performance issues and problems of the broadband hybrid antenna in test environments
of various sites [11–15]. Although these Bi-log antennas have been applied to achieve
different purposes, little attention has been given to the evaluation of the comprehensive
design of antenna optimization related to dimension, symmetry, and impedance match. The
proposed structure in this paper is the combination of a bowtie and log-periodic to achieve a
Bi-log hybrid antenna. The proposed antenna improves the reproducibility and consistency
of a series of EMI measurements while significantly reducing measurement time. For
cost-effective antenna design, the challenge of optimization design needs to be overcome
by achieving uniform radiation characteristics, stable AF, and polarization rejection in a
wide frequency range. The successful optimal design with Taguchi’s method [16] could be
a potential approach for these achieving goals.

The Taguchi method has been adopted for effective optimization design in recent
decades in industrial, scientific, and medical areas. Many scholars have conducted research
with this method to optimize parameters of interest, such as for industrial manufactur-
ing [17,18], neural networks [19–21], and medical applications [22–24], and it also can be
employed in other areas [25–27]. Notably, the Taguchi method has consistently exhibited
remarkable optimization capabilities. Transitioning from a traditional to an iterative process
within Taguchi’s method [16,28] can establish it as a robust global optimization technique.
Although Taguchi’s method has found widespread adoption in a variety of presented
kinds of literature as above, it provides limited applications, particularly in the field of
electromagnetism [29,30]. The Taguchi method has found application in the design of UWB
antennas [28], slot antennas [31], dual-band/polarization patch antennas [32], antenna ar-
rays [33–35], and even bandpass filters [36]. However, within the realm of broadband EMI
measurement antenna design, the utilization of Taguchi’s method for antenna optimization
has remained somewhat scarce. Despite the broad acceptance and implementation of
Taguchi’s method across diverse types of literature, its application in electromagnetic con-
texts has been somewhat constrained. This is especially notable in the realm of broadband
EMI measurement antenna design, where the adoption of Taguchi’s method for antenna
optimization has been comparatively limited. However, in the realm of broadband EMI
measurement antenna design, there have been relatively few instances where antennas
have been crafted and fine-tuned through the application of Taguchi’s methodology.

This study proposes a significantly smaller and lighter broadband Bi-log hybrid an-
tenna using a simple, fast, and accurate Taguchi’s method to analyze the impedance match
and miniaturization. Our optimization design process follows Taguchi’s methodology,
employing distinctive orthogonal arrays (OAs) to extract antenna parameters efficiently. It
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gathers comprehensive data from a limited set of experimental parameters. This approach
encompasses the optimization of both element length and relative spacing to achieve se-
lected proportionality factors, while also mitigating variations in radiated performance
due to dimensional discrepancies. The proposed antenna uses Numerical Electromagnetics
Code (NEC2) and Computer Simulation Technology (CST) Microwave for simulation and
design, respectively. The antenna performance fully satisfies the antenna qualification
conditions proposed by the ANSI C63.4 standard [37]. The measured results correspond
well with the simulated data. This antenna not only confirms the validity and precision of
the optimal design methodology but also contributes to its high sensitivity in EMI testing
applications, ensuring accurate measurement results.

2. Antenna Configuration and Benchmark Performance

The Bi-log antenna has the favorable ability of receiving interference and wideband
in radiation emission tests, due to its very good directivity characteristics and flat gain
curve. Figure 1 depicts the main geometrical characteristics of the Bi-log antenna. This
antenna consists of a set of LPDA antenna elements and a pair of bowtie antennas, as
depicted in Figure 1a, and these two parts are connected together. The overview of the
proposed Bi-log hybrid antenna is illustrated in Figure 1b. A planar bowtie and a compact
LPDA element have been utilized to provide an optimal design, and they are based on
the concept and method of broadband antenna theory for optimal designs. A part of the
LPDA element in the Bi-log hybrid antenna describes the proportionality factors such as
the scaling factor (τ), flare angle (α), and spacing factor (σ) for design parameters. After
specifying two of the design parameters, the third parameter can be determined. The
relationships between lengths, diameters, and spacings among elements are derived from
directivity contour curves, which depend on τ for different values of σ. Another part of the
antenna is the applied bowtie structure design. It depends on dimensions of its triangular
shape and its flare angle values to obtain miniaturization, bandwidth, and impedance
match performance. As mentioned above, the scope of the proposed antenna is attractive
and provides many practical applications for EMI measurement.

Figure 2 illustrates the performance benchmark for the proposed antenna. As shown
in Figure 2a, the impedance matching band is wide enough to cover the 30 MHz to 6 GHz
range, without the attenuator. In the purposed acceptance conditions in the whole bands,
the voltage standing wave ratio (VSWR) is below two while the AF is stable and linear,
as demonstrated in Figure 2b. The ratio of antenna symmetry has an up and side-down
measurement setup, respectively, in vertical polarization. It provides a slight deviation of
0.5 dB with a small gain variation, as shown in Figure 2c. The remarkable performance of
the antenna is also summarized in Table 1. This table determines several items such as the
antenna type, operation frequency band, number of antenna elements, scaling factor (τ),
fractional bandwidth (FBW), and gain by observing and comparing variation, respectively.
Furthermore, the overall dimensions of the proposed antenna can be as small as 95 cm
(L) by 148.5 cm (W) by 60 cm (H), and it can be as lightweight as 2.5 kg. The proposed
antenna demonstrates outstanding performance, surpassing previously published works
in optimized design of antennas. Furthermore, it boasts a high antenna gain and covers a
broader frequency range, as shown in Table 1.
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Table 1. Comparison of the published antennas.

Refs. Antenna Type Operation
Frequency (MHz)

Number of
Element

Scaling Factor
(τ) FBW Gain (dBi)

This work Bi-log 30–6000 21 0.802 198% 5–7

[2,3,8] Bi-log 30–1000 15 0.855 188% 3–7

[4] Bi-log 30–1000 17 0.865 188% -

[5] LPDA 500–6000 12 0.860 170% 4.6–7

[6] LPDA 500–6000 12 0.852 170% 5.1–6.4

[8] LPDA 500–10,000 25 0.916 181% 3–6.01

[9] LPDA 550–9000 50 0.942 177% 2.48–7.89

3. Antenna Optimization using Taguchi’s Method

The Taguchi method also has proven effective in the realm of antenna design, con-
tributing to the creation and development of this study. It compares the results of the
simulated experiments with the orthogonal table and those with the response table and
then keeps the better result for the next iteration that is required to be performed. The
multi-objective optimization leads to the optimum dipole lengths, spacings between the
dipoles, and dipole wire diameters. During the optimal process, the orthogonal tables
obtain better experimental data with fewer experiments and gradually in a systematic way
converge the search range.

3.1. Concepts of Taguchi’s Method

In general, the concept of optimization of antenna design procedures includes several
steps such as determining the parameters and frequency ranges of the proposed antenna,
using Taguchi’s method with an OA for simulations, establishing the frequency response
condition, reducing the searching range iteratively, and repeating the simulations to achieve
convergence. The Taguchi method yields better antenna parameters of impedance match,
and the desired directive pattern is compared with traditional trial and error approaches.

To achieve a better combination of parameter values, it is necessary to utilize the
benefits of OAs. As mentioned earlier, it offers an efficient method for identifying the
optimal parameters of a general optimization problem. The notation OA(N,k,s,t) is usually



Appl. Sci. 2023, 13, 11792 6 of 14

used to represent an OA of N rows and k columns (for k parameters) with s levels and
strength t. In Table 2, the OA table (L27 310) determines varying τ values as 10 control
factors, with three levels, only 27 experiments are needed to find a better combination of
parameter values. In 27 runs of the experiment, which are dramatically less than 310, a full
factorial strategy is used instead. The established frequency response condition of the cost
function Xi is nominal-the-best. The value was calculated from experimental data using the
simulation result, which satisfies the good impedance matching condition as VSWR < 2.
The signal-to-noise ratio (SNR) is also obtained from the average of the cost function value
(calculated).

Table 2. Orthogonal array table (L27 310) for optimization of antenna design.

Run τ1 τ2 τ3 τ4 τ5 τ6 τ7 τ8 τ9 τ10

1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 2 2 2 2 2 2

3 1 1 1 1 3 3 3 3 3 3

4 1 2 2 2 1 1 1 2 2 2

5 1 2 2 2 2 2 2 3 3 3

6 1 2 2 2 3 3 3 1 1 1

7 1 3 3 3 1 1 1 3 3 3

8 1 3 3 3 2 2 2 1 1 1

9 1 3 3 3 3 3 3 2 2 2

10 2 1 2 3 1 2 3 1 2 3

11 2 1 2 3 2 3 1 2 3 1

12 2 1 2 3 3 1 2 3 1 2

13 2 2 3 1 1 2 3 2 3 1

14 2 2 3 1 2 3 1 3 1 2

15 2 2 3 1 3 1 2 1 2 3

16 2 3 1 2 1 2 3 3 1 2

17 2 3 1 2 2 3 1 1 2 3

18 2 3 1 2 3 1 2 2 3 1

19 3 1 3 2 1 3 2 1 3 2

20 3 1 3 2 2 1 3 2 1 3

21 3 1 3 2 3 2 1 3 2 1

22 3 2 1 3 1 3 2 2 1 3

23 3 2 1 3 2 1 3 3 2 1

24 3 2 1 3 3 2 1 1 3 2

25 3 3 2 1 1 3 2 3 2 1

26 3 3 2 1 2 1 3 1 3 2

27 3 3 2 1 3 2 1 2 1 3

The higher number of antenna elements required in the whole band depends on the
physical dimensions of the antenna and the greater values of τ. The ratio of the longest
element length to the second longest element length is called τ1. τ2, τ3, τ4, and so on, and
they are also ratios of every adjacent element length. The key parameter for optimizing
antenna performance is τ. The initial search ranges of τ values are preset as 0.76 to 0.84
with three levels, which makes it much easier to implement this efficient approach. This is
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because each level of a factor is represented an equal number of times, and if one factor is
held constant, the other factors’ levels are also equally represented. This promotes fairness
and objectivity in evaluating the frequency response of each factor level. Therefore, the
obtained antenna parameter achieves the desired frequency response with fewer iterations
to reach the optimum solutions in an equally distributed fractional factorial experiment.

3.2. Optimization of Antenna Design

The Bi-log hybrid antenna has been presented and optimized, which is made up of a
combination of bowtie and LPDA antenna parts. Using proper geometry, the bowtie part of
the proposed antenna achieves small dimensions at lower frequencies. The LPDA part de-
termines the antenna properties at higher frequencies, typically over 200 MHz. To optimize
the design of an LPDA part, attention must be paid to the directivity of radiation patterns
and the impedance characteristics within the operating frequency ranges. The LPDA part
of this antenna, in physical size and gain, are defined by the constants τ and σ. Larger
values result in longer antennas with more elements and gain. The optimization focuses on
impedance matching, stable gain, continuity of the AF, and incorporation of miniaturized
elements. The optimal design was determined with a series τ of the key parameters and
in the frequency range from 30 MHz to 6 GHz. The analysis uses Taguchi’s method with
an OA to obtain results from simulations using NEC2 and CST software. The established
frequency response conditions of the cost function Xi and SNR are nominal-the-best as
VSWR < 2, which are obtained from the formula represented in Equations (1) and (2). It
also iteratively reduces the search range and repeats the simulations to achieve convergence.
Simulation results are used to determine optimal matching parameters for the proposed
antenna configuration.

S/N Ratio =
1
n∑n

i=1 Xi (1)

Xi =

{
0

VSWR − 2
, VSWR ≤ 2
, VSWR > 2

(2)

The numerical model of a Bi-log hybrid antenna used in the NEC2 simulation is
shown in Figure 3. The initial parameters for the dipole elements and their spacing in
the proposed optimal antenna design are obtained through the use of NEC2 simulation.
The characteristic impedance of the dipole element can be adjusted by changing its length
and width. This model is composed of 267 segments, and the elements of the antenna are
connected to each other by transmission lines. Following the optimization of the Taguchi
method and a standard OA table, the details of the antenna element are presented in Table 3.
The LPDA antenna has 21 sets of broadband antenna units, which consist of 11 planar
plates (2000–6000 MHz) and 10 cylindrical dipoles (200–2000 MHz). Both types of LPDA
elements were under the same procedure with optimal design, respectively. The spacing
factor σ of LPDA elements is 0.06 compared to the relative spacing of each element. The
τ values of the planar plate dipole of LPDA elements are 0.796, 0.806, 0.798, 0.792, 0.803,
0.800, and 0.825. The scale factor τ of the cylindrical dipole of LPDA elements are 0.770,
0.787, 0.792, 0.759, 0.803, 0.798, 0.792, 0.800, and 0.840.

Achieving an optimal performance for the proposed antenna depends on the metic-
ulous design of its LPDA elements, which has been elaborated upon earlier. The an-
tenna booms are parallel two-wire transmission lines that affect the length of each ele-
ment for impedance matching. Therefore, the relationship among the input impedance
(R0) of 50 ohms, the average characteristic impedance of the dipole element (Za), and
the impedance of the transmission line (Z0) has been investigated. The nominal input
impedance of the proposed antenna is 50 ohms. A constant radius of dipole element has
been utilized to make construction easier. The characteristic impedance of Z0 is fixed at
120 ohms for planar plate elements on a 10 mm square aluminum tube and 150 ohms for
cylindrical dipole elements on a 19 mm square aluminum tube, respectively. To achieve
practical antenna designs, dipole diameters of cylindrical elements are grouped into four
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categories of 4 mm, 5 mm, 7 mm, and 9 mm, while planar plate elements with widths of
1–5 mm.
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Table 3. Optimized dimensions of the proposed Bi-log hybrid antenna.

Type of Element Number of
Elements Length (mm) Width/Diameter

(mm)
Scaling Factor

(τ)

Planar Plate
Dipoles

1 4.3 1.0 0.80
2 5.4 1.0 0.81
3 6.7 1.5 0.80
4 8.4 1.5 0.79
5 10.6 2.0 0.80
6 13.2 3.0 0.80
7 16.5 3.0 0.83
8 20.0 3.5 0.80
9 25.1 3.5 0.80

10 31.2 4.0 0.85
11 36.5 5.0 ---

Cylindrical
Dipoles

12 48.3 4.0 0.84
13 57.5 4.0 0.79
14 73.1 5.0 0.79
15 92.3 5.0 0.76
16 121.6 5.0 0.80
17 151.5 7.0 0.80
18 189.9 7.0 0.79
19 239.8 7.0 0.80
20 299.8 9.0 0.84
21 357.0 9.0 ---

In addition, a low-frequency antenna unit is made up of a bowtie antenna set that
evolves from the biconical structure. This type of antenna is one of the few antennas that
can use mathematical derivation to analyze its working principle. The impedance (real part
and imaginary part) of the antenna can be derived to design a bowtie structure. The trade-
off from the flare angle is relatively uniform in terms of the real part, imaginary part, and
VSWR and conforms to the broadband characteristics. The best performance is achieved
with the bowtie element, which has a 52◦ flare angle and a triangle height of 60 cm. All
of these elements are mounted on either side of a parallel metal boom. The well-designed
LPDA and bowtie could be then integrated. The performance of the integrated antenna is
shown in Figure 4. Within the considered frequency band, the antenna demonstrates well
the impedance matching, a linear AF, and a consistently flat gain curve. Figure 5 shows
the simulated radiation patterns with good directivity characteristics. Accordingly, the
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Taguchi method significantly outperforms the previous method in optimizing antenna
configurations for these two parts.
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3.3. Feed Structure and Balun

The design of the feed structure and Balun are essential for achieving the best perfor-
mance of the proposed antenna. The optimized antenna not only considers the antenna
structure and the elements but also needs to determine the characteristic impedance of
the transmission line of feeds. The proposed structure of feed includes a wideband Balun
for balancing improvement, an L-shape feeding structure for uniform current distribution,
and a tapered offset spacing over transmission lines for each element placement. A more
reliable and complete antenna configuration has been considered within the proposed
Balun and feeding structure design using the CST simulation.

The L-shape feed structure with two variable parameters of X (5.5 mm) and H (2 mm),
as depicted in Figure 6a on the tip of the antenna, also presented the tapered configuration
of each spacing over the booms. To attain this balance symmetry capability, quasi-air coil
Balun with a bound of five as a 1:1 turn is utilized at the antenna’s feed point. It offers
the essential wideband matching and proper current phase for the elements, effectively
covering the frequency range of 30 MHz to 200 MHz. In Figure 6b, the proposed Balun is
an indispensable device for antenna-feed networks. It connects a balanced two-conductor
port to an unbalanced port through a semi-rigid coaxial cable, where the radius a is 15 mm,
spacing c is 4.6 mm, circumference L is 94.2 mm, and the total height is 60 mm. Figure 7
shows the simulated result of the real part (solid red line) and imaginary part (dot blue
line) of Balun impedance. The Balun operates effectively across a wide frequency range
and optimizes antenna performance. The proposed Balun not only reduces the unbalanced
current on the surface of the feeding cable but also ensures accurate radiation characteristics
of the bowtie part of the antenna in wideband. The structure can be easily configured
on this antenna through the feeding cable directly without adding any extra components
such as a matching circuit or transformer. The results confirm that the proposed Balun is
suitable for the Bi-log hybrid antenna. Its feeding technique for this antenna has low design
complexity and is easier to implement than traditional antennas.
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4. Antenna Implementation and Measurement

The fabricated Bi-log hybrid antenna of the prototype is shown in Figure 8a. This
antenna prototype was measured on an open area test site (OATS) in which the ground
plane size is 50 m (L) by 40 m (W), as shown in Figure 8b. The measuring system is based
on the standard site method and applies a three-antenna method for the test. The AF affects
the magnitude of the received signal in the EMI test that offers the correlation between
the calibrated values in different distance conditions. Its performance has been evaluated
with and without the 5 dB attenuator on the terminal of the proposed antenna during
the 10 m test range. The measured results of AF and antenna efficiency are displayed in
Figure 9a,b, respectively. To ensure accurate and reliable EMI measurements, it has become
a norm to assess the isolation between different polarizations in linear antennas. The
measurement errors depend on the contribution of cross-polarization rejection curves. The
cross-polarization rejection from 200 MHz to 2000 MHz is shown in Figure 10. The band-
width selection was based on the requirements of ETS-Lindgren 3106B’s high-precision
double-ridged guide antenna for cross-polarization measurement techniques. The maxi-
mum cross-polarization rejection of the proposed antenna is 10 dB. In addition, based on
the comparison of Figures 2 and 4, the achievements of antenna performance are a VSWR of
<2.0, stable and linear AFs, and antenna symmetry of <±0.5 dB. The measured results are
in good agreement with the simulated ones, thereby validating the design and confirming
its performance. Furthermore, this proposed antenna is ideal for conducting EMI measure-
ments due to its ability to cover a broad range of frequencies from 30 MHz to 6 GHz, while
still being small and compact. The antenna can be used for EMI testing in various types of
semi-anechoic chambers, including 1 m, 3 m, and 10 m configurations, which are required
to conform to the ANSI C63.4 standard for test procedures and antenna specifications.
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5. Conclusions

A novel broadband Bi-log hybrid antenna using Taguchi’s method has been presented
as a global optimization design. The antenna has a linear, continuous, and stable AF,
exhibiting a good flatness in the frequency range of 30 MHz to 6 GHz. The FBW is as
large as 198%. The optimization of antenna performance is achieved with a VSWR of <2,
a 5 dB attenuator, and a symmetry of <±0.5 dB. This antenna consists of a bowtie and an
LPDA structure that are fed with a taper placement on each boom side and a quasi-air
coils wideband Balun feeding is achieved. The design concepts of the proposed antenna
and its feeding structure have been well introduced. The antenna with the least number
of elements, i.e., 21, is used to cover the specified bandwidth. The antenna with compact
size and is lightweight results in the directive patterns of constant gain, while occupying
a dimension that is reduced by more than 12%. This can also lead to reduced costs of
fabrication and materials used, especially in mass production. It also highly satisfies
the specifications of regulatory standards proposed by ANSI C 63.4, especially for EMI
measurement antenna applications. Since most electromagnetic interference problems
are highly complex, the proposed antenna with optimal design is used to quickly obtain
accurate test results for EMI measurement.
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