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ABSTRACT This paper presents the development of a Yagi antenna optimized for third-order mode
operation within the millimeter-wave (mmWave) spectrum. A third-order mode driven dipole, along with
a reflector, is introduced to enhance the antenna’s gain. The rigorous numerical optimization procedure was
employed to precisely adjust the dimensions and positions of the driven dipole, director, and reflectors.
The optimized Yagi antenna operates within the fifth generation (5G) band at 28 GHz, with a bandwidth
of 2.6 GHz. Radiation pattern analysis indicates that the gain of the antenna in this higher resonant mode
exceeds that of a conventional Yagi-Uda antenna, achieving a gain of 9.35 dBi at 28 GHz. To further increase
the gain and address the path loss challenges in the mmWave spectrum, a near-zero index metamaterial
(NZIM) array was integrated. A 5 x 5 unit cell array was embedded into the same antenna substrate,
positioned in front of the reflector. The metamaterial array was optimized using the trust-region (TR)
algorithm, resulting in a significant gain enhancement, reaching 13.8 dBi at 28 GHz while maintaining
the operational bandwidth in terms of impedance matching. The antenna was subsequently fabricated and
tested, with experimental results demonstrating a strong correlation with the simulated outcomes across all
key parameters.

INDEX TERMS Metamaterials, millimeter-wave spectrum, trust-region algorithm, Yagi antenna.

I. INTRODUCTION

Advancements in wireless communications over the past
decade have been notable, especially in terms of broadened
bandwidth and higher data rates. To meet these require-
ments by the communication hardware, fifth generation
(5G) technology has become a major focus of research.
The millimeter-wave (mmWave) band, a key aspect of 5G
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technology, provides benefits such as low latency, abundant
spectrum availability, and gigabit-per-second data speeds.
Implementing 5G systems is proposed with allocated fre-
quency bands for mobile networks at 28, 38, 60, and 73 GHz
[11, [2], [3]. Many literature reports delve into the frequen-
cies of 28 GHz, highlighting their satisfactory bandwidth
and lower path losses in comparison to higher mmWave
frequencies [4], [5], [6]. A comprehensive study highlights
several challenges in mmWave propagation, including path
or transmission loss and shadowing, indicating that antennas
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operating in this band experience significant losses [7]. Con-
sequently, achieving high gain is a primary goal in designing
antennas for this band.

In mmWave applications, end-fire antennas such as dipoles
and Yagi-Uda structures printed on substrates are widely
used [8], [9]. The Yagi-Uda antenna is one of the most
popular end-fire antennas, commonly chosen for commu-
nication and radar systems due to its simple, low-profile
structure, convenient feeding, adequate gain, high radia-
tion efficiency, and low manufacturing cost [10]. Traditional
Yagi-Uda antennas usually feature a driven element, a reflec-
tor, and directors, with the driven element serving as the
core component. Basic-mode dipoles are commonly used
as driven elements; however, they offer limited gain. This
gain limitation is inherent to conventional Yagi-Uda anten-
nas due to their reliance on a single basic-mode driven
dipole. Similarly, other basic-mode driven elements, such as
monopoles, loops, patches, and bow-ties, have been explored
in [11], [12], [13], [14], but their gain remains restricted
to below 6 dBi. To enhance gain, 3D or multilayer-stacked
designs are used, though these result in larger sizes and
additional losses [15], [16], [17]. Array configurations are a
widely adopted technique for enhancing antenna gain [18],
[19]. In [18], a 1 x 4 Yagi antenna array was proposed to
improve end-fire gain, achieving a peak gain of 11.83 dBi
at 20 GHz. Similarly, in [19], a 1 x 8 Yagi slotted array
antenna was designed to enhance gain performance, attain-
ing a maximum gain of 11.16 dBi at 28 GHz. However,
while these array configurations offer improved gain, they
also increase the overall antenna size, add complexity to the
design process, and introduce losses due to the intricate feed
network. Several directional millimeter-wave antennas with
improved performance have been reported in the literature,
including helical antennas [20], [21], Vivaldi antennas [22],
[23], and leaky-wave antennas [24], [25]. In [20], a moder-
ately tapered helical structure is employed to achieve a wide
impedance bandwidth covering 24 to 32 GHz, with a peak
gain of 7.8 dBi. In [21], a compact single-turn helix antenna
is proposed, offering a bandwidth of 26.25-30.14 GHz and
a peak gain of 5.9 dBi. A super wideband Vivaldi antenna
covering the frequency range of 22.5-45 GHz has been pro-
posed for 5G millimeter-wave applications [22]. The antenna
exhibits a nearly constant end-fire radiation pattern across
the band, with a measured gain ranging from 5.5 to 8.5 dBi.
The authors of [23] proposed a 1 x 4 Vivaldi antenna array
designed to achieve a wide operational bandwidth ranging
from 21.63 to 28.81 GHz, with a measured gain varying
between 10.5 and 12.5 dBi. In [24] and [25], the authors
presented 12-element leaky-wave antenna designs targeting
high-performance millimeter-wave applications. The antenna
reported in [24] demonstrates a broad operating bandwidth of
28.3-31.8 GHz with a peak gain of 15.5 dBi. Meanwhile, the
array proposed in [25] operates over the 56.3-63.4 GHz range
and achieves a maximum gain of 13.4 dBi. Although the
proposed antennas demonstrate good performance in terms
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of bandwidth, the gain in most cases is moderate. In some
designs, the 3D structure, bulky size, and design complexity
present challenges, particularly in the millimeter-wave band.

Modifying the length of the Yagi driven element can
enhance both gain and directivity, as this excites a
higher-order resonant frequency. In the fundamental mode,
the driven element resonates when its length is approxi-
mately half the wavelength (A/2). Traditional Yagi antenna
designs primarily focus on this first resonance [26], while
higher-order resonances—occurring at odd multiples of half
wavelengths—have received limited attention in the liter-
ature. However, recent studies have proposed high-order
mode dipole-driven approaches to improve directivity [27],
[28]. Incorporating these techniques, along with optimally
designed parasitic elements, into the Yagi—Uda antenna struc-
ture can significantly enhance gain, which is crucial for
mitigating path loss at millimeter-wave frequencies. The
third-order mode involves exciting a higher-order current
distribution in the driven element rather than relying on the
fundamental half-wavelength resonance. In this mode, the
current magnitude along the driven element follows a cosine
distribution, leading to improved gain and directivity while
reinforcing the Yagi antenna’s end-fire radiation characteris-
tics.

Alternatively, metamaterials provide a cost-effective
means to improve gain without a considerable expansion of
the antenna’s size [29], [30]. Metamaterials are an extraor-
dinary class of engineered materials with unique properties
not found in nature. Incorporating these composite structures
into different antennas can greatly enhance their gain perfor-
mance [31], [32] [33], [34], [35]. The authors of [31] used
seven layers of metamaterials, along with six air gaps above
a patch antenna, to achieve a gain of 13.6 dBi at 28 GHz.
Similarly, in [32], two layers of metamaterials were incorpo-
rated in the end-fire direction of a dipole array, increasing the
gain to 11.0 dBi at 28.5 GHz. Likewise, in [33], a single layer
of different metamaterial structures was added over a slotted
patch antenna, resulting in a maximum gain of 12.7 dBi
at 28 GHz. In [34], a patch antenna was integrated with a
single layer of metamaterial positioned 16 mm above the
patch, resulting in an enhanced gain of 11.94 dBi at 28 GHz.
However, the inclusion of metamaterial layers adds to the
size and complexity of the design, effectively creating a 3D
structure. The authors of [35] proposed a two-stage approach
to enhance the antenna gain. In the first stage, a non-uniform
dipole array was implemented, achieving a gain of 8.1 dBi.
In the second stage, a 5 x 7 metamaterial array was incor-
porated in proximity to the dipole array, further improving
the gain to 11.21 dBi. Developing a Yagi-Uda antenna with a
third-order mode dipole driver and optimized metamaterials
can result in a reliable, high-performance antenna suitable for
mmWave applications.

In this study, the high gain Yagi—-Uda antenna, using a
third-order mode dipole as the driven element with optimized
metamaterials, is designed and experimentally validated
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for mmWave applications. The design undergoes two opti-
mization phases to enhance the performance of both the
stand-alone Yagi antenna and the metamaterial-enhanced
version. The Yagi antenna, consisting of a third-order mode-
driven dipole, reflectors, and a director, is initially optimized
using the trust-region (TR) algorithm to meet the target
gain and bandwidth requirements. In the second phase of
this study, a metamaterial array is integrated onto the same
substrate, positioned in front of the director, and optimized
to further enhance the antenna’s gain. Conducting exten-
sive parametric studies on various components, including the
director, driven dipole, reflector, and ground, is both time-
consuming and computationally intensive. The complexity is
further amplified with the addition of a metamaterial array,
making manual parameter adjustments after each simulation
impractical and resource-intensive. Moreover, it is neces-
sary to simultaneously handle several objectives (impedance
matching and gain enhancement). Traditional means, such as
parameter sweeping, are unable to handle such tasks. To over-
come this challenge, a rigorous optimization technique was
employed to streamline the design process and efficiently
achieve optimal performance. The Yagi—Uda antenna, using
a third-order-mode dipole as the driven element with opti-
mized metamaterials, is designed and fabricated to enable
experimental validation. To the best of our knowledge,
no prior studies have explored a compressed third-order
Yagi-Uda antenna design incorporating short reflectors for
performance enhancement. Furthermore, there are no existing
works that combine all the key innovations presented in this
study—namely, the compressed third-order Yagi structure,
a dual-stage optimization framework, and near-zero-index
(NZI) metamaterial enhancement—within a single antenna
system. Although certain components of this methodol-
ogy have been investigated individually in previous studies,
their combined implementation—as proposed in this work—
yields improved performance and practical feasibility not
previously documented in the literature. The key technical
contributions and originality of this work can be summarized
as follows:

I. Development of a compact, low-profile Yagi-Uda
antenna that leverages a compressed third-order mode
dipole as the primary driven element. The design inte-
grates parasitic reflectors alongside a truncated ground
to enhance end-fire radiation characteristics. This con-
figuration enables the antenna to achieve a high peak
gain of 9.35 dBi at 28 GHz, while maintaining a
wide impedance bandwidth of 2.6 GHz, making it
well-suited for millimeter-wave applications.

II. Recognizing the challenges and inefficiencies associ-
ated with parametric sweeping in high-dimensional,
nonlinear Yagi antenna design spaces, this work
employs a rigorous gradient-based optimization tech-
nique as the first stage. The proposed method enables
the precise formulation of performance objectives
and constraints, ensuring efficient convergence toward
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FIGURE 1. The configuration of the Yagi antenna, dimensions; Xg = 15,
Ya=17,L = 4.189, w = 0.293, d] = 2.058, wy = 0.828, R; = 2.705, wy =
0.828, Rs = 3.143, Ry, = 1.9, fy = 0.388, f; = 11.346, and g; = 6.522, k =
0.649. All dimensions are in mm.

optimal solutions that balance high gain, wide band-
width, and structural requirements.

III. Design and integrate a metamaterial with a broad
near-zero index (NZI) response within the 27-29 GHz
frequency range into a Yagi antenna, enhancing its
gain to a peak value of 13.8 dBi at 28 GHz, while
maintaining a compact and efficient geometry.

IV. Implementing and incorporating a second stage of rig-
orous numerical optimization framework to enhance
the metamaterial antenna performance concerning its
gain and reflection response. The key component in
both optimization stages is a dedicated formulation of
the merit function incorporating regularization mecha-
nism to effectively control the primary objective (e.g.,
gain) and constraints (e.g., impedance matching condi-
tions).

Il. HIGHER ORDER MODE YAGI-UDA ANTENNA

The configuration of the proposed Yagi antenna is illustrated
in Fig. 1. It consists of a third-order mode dipole-driven ele-
ment, two short reflectors, a director, and truncated ground.
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FIGURE 2. Reflection coefficients of the conventional Yagi and third-order
Yagi before and after optimization.

It is printed on Rogers RO3010 with a dielectric constant of
10.2, tangent loss of 0.0035, and thickness of 0.254 mm. The
director and two reflectors are printed on the front side of the
substrate. The reflectors are chosen for best gain performance
and are located parallel to and beneath the driven element
along the y-axis. The use of shorter reflectors is advanta-
geous for microstrip line feeding, as the traditional method
of using a coaxial connector is inherently limited by narrow
bandwidth constraints. The initial design phase involved a
comprehensive evaluation of the reflector placement, during
which the reflectors were positioned above the driven ele-
ment, adjacent to the director. However, this configuration
caused the antenna’s directivity to shift predominantly toward
the negative y-axis. This undesired behavior was attributed to
the reflectors redirecting the radiated energy in the opposite
direction of the intended end-fire axis. Consequently, this
arrangement led to a noticeable reduction in gain along the
end-fire (y) direction, undermining the primary performance
objective of the design. To address these issues, the reflec-
tor was repositioned beneath the driven element to improve
overall performance. The positions and dimensions of the
reflectors were meticulously adjusted through formal opti-
mization to achieve the best possible performance in terms
of gain and bandwidth. The two reflectors on the x-axis work
as a complete reflector. The director, which is an essential part
of the Yagi antenna, is placed parallel to, and above, the drive
element along the y-axis. The dimensions of this part were
also carefully adjusted during the optimization stage as it has
an essential role in enhancing the antenna directivity.

The third-order mode dipole typically has a length of
302 (where A represents the wavelength at a frequency
of 28 GHz). However, practical implementations often seek
to reduce the physical size of higher-order mode antennas
while maintaining their resonant properties. To achieve this,
the compressed third-order mode is employed, utilizing a
length of 3)\/4 instead of 3A/2 [27]. This approach enables
the design of a more compact and efficient driven dipole
while preserving its desired electromagnetic performance.
Figure 2 illustrates the reflection coefficients of both the
conventional Yagi and the third-order Yagi before and after
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FIGURE 3. Gain plots of the conventional Yagi and third-order Yagi before
and after optimization.
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FIGURE 4. Surface current of the dipole driven element at 28 GHz.

optimization. For comparison, a Yagi antenna operating in
the basic mode (A/2) is presented, offering a bandwidth range
of 27-29 GHz. In contrast, the third-order mode Yagi-Uda
antenna exhibits enhanced bandwidth performance in both
configurations—with and without the End Launch Connector
(ELC). The design without the ELC shows a slightly nar-
rower impedance bandwidth of 2.5 GHz (26.6-29.1 GHz),
compared to 2.6 GHz (26.6-29.2 GHz) when the ELC is
included. Nevertheless, the proposed antenna demonstrates
superior reflection characteristics in both cases compared to
the conventional Yagi-Uda design. Figure 3 illustrates the
gain characteristics of both designs. The conventional Yagi
antenna achieves a maximum gain of 6 dBi within the operat-
ing frequency band. In comparison, the proposed third-order
mode Yagi-Uda antenna demonstrates a consistently higher
gain across the entire band, both with and without the ELC.
Specifically, the design incorporating the ELC attains a peak
gain of 9.35 dBi at 28 GHz, while the version without the
ELC achieves 9.15 dBi. This indicates a gain improvement
of 0.2 dBi attributable to the presence of the ELC. Figure 4
illustrates the current distribution of the antenna’s driven
dipole at the target frequency of 28 GHz. The dipole exhibits
reverse currents compared to basic mode. The sinusoidal cur-
rent distribution along the dipole verifies that it is functioning
in its third resonant mode. The ELC was incorporated into
the simulation model to accurately replicate the conditions of
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----------- Anlenna with ground

Antenna with ground and reflector without ELC

(©) (d)

FIGURE 5. Yagi antenna configurations: (a) with both reflectors and
truncated ground, (b) with reflectors only, (c) with truncated ground only,
and (d) the radiation pattern for the three cases.

the practical measurement environment and ensure a closer
correlation between simulated and measured results.

lIl. YAGI PERFORMANCE OPTIMIZATION

The Yagi antenna underwent initial optimization as a sep-
arate structure, concentrating on enhancing its gain perfor-
mance (i.e., increasing the maximum gain). This process
is driven by adjusting specific parameters x = [L w
diy wqg Ry wr, Rg1 fw hi gL]T, all illustrated in Fig. 1. The
following ranges delineate the search space X : 4 < L <
58mm, 0.3 < w < 06mm, 2 < d; < 6mm, 0.3 <
wg <08mm,1 < R <45mm, 0.3 < w, < 0.7mm,
04 <R, <3mm, 0.2 <f,, <0.6mm, 10 < f; < 12 mm,
6 < gr < 9 mm. Moreover, the optimization process is
subject to the following geometric constraints: R} + Ry <
X./2 and fi + k+ wg < Y,, which are introduced to ensure
geometrical consistency of the antenna. The primary objec-
tive was to maximize the gain |G (x;fp)| at fo = 28GHz, and
to ensure [S11 (x,f)| < —10 dB within the frequency range
f € F =[26.6 29.2] GHz. Considering the primary aim and
the constraints, the cost function to be minimized was defined
as follows

max{S(x) + 10, 0}}2 0

Ux) = —Gx) + B [ 0

where

G(x) =G (x, fo) (2)
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and
Sx) = I}lg{lSn(x,f)l} 3)

are the gain at the center frequency and maximum in-band
reflection, respectively. The optimum design x* is found by
solving

x* = argmin U (x) (@)
xeX

It is important to note that minimizing the objective func-
tion U enhances the gain at fy = 28GHz and enforces the
matching condition over the entire bandwidth of interest F.
The penalty coefficient 8 [30] was set to 100 to ensure that
IS11(x, )] < —10 dB across the bandwidth F, with a toler-
ance within a fraction of a decibel. The reflection requirement
is technically an inequality constraint, but because it requires
costly EM analysis to evaluate, implicit handling is more
efficient [36]. The TR gradient-based algorithm [37] was
used to solve problem (4), with antenna response sensi-
tivities estimated by means of finite differentiation [38].
The TR algorithm produces a sequence of approximations
x99 i=0,1,...,tothe optimal solution x*, with each update
xTD = argmin {x; |x —x?| <d?: UL(x)}. The local
objective function Uy, is defined as in (1) but is evaluated
using a first-order Taylor expansion model of the antenna
characteristics, rather than relying on direct EM analysis. The
search region size ) was adaptively adjusted according to
standard TR rules [36]. The TR subproblem was solved using
the SQP algorithm implemented in Matlab Optimization
Toolbox [39]. The termination criterion is based on conver-
gence in the solution, specifically when (||x(i+l) —x® || <e,
here, ¢ = 10_3). For the convenience of the reader, below,
we summarize the operating steps of the TR algorithm:
1. Problem formulation: Solve x* = argmin {x € X :
Ux)} (cf. (4)), with x©@ being an initial design;

2. Algorithm operation: Generate a series x(i), i = 0,
1, ..., of approximations to x*. The new (candidate)
vector x(i + 1) is obtained by solving

xD = arg min Ur(x) 5)

=0 <a0
where

S%i])‘L(xvf) = Sll(x(i),f) + VS]l(x(i)) C(x _x(i)) (6)
Gg)(x’f) = G(x(l),f) =+ VG(x(’)) . (x — x(i)) (7)

are first-order Taylor expansion of the high-resolution
the reflection and gain responses, respectively at x®.
The gradients VS11 and VG are estimated using finite
differentiation (FD) [38], which incurs additional n EM
analyzes of the antenna.

3. Objective function: The function UL is identical to the
function U of (3), but it is computed based on the
first-order linear expansion models of antenna charac-
teristics.
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4. Gain ratio r: EM-evaluated versus linear-model pre-
dicted objective function improvement
U(x(i+1)) _ U(x(i))
r= : : ®)
UL (D) — Up (x@)

35. Trust region size d) > 0: Adaptively adjusted based
on r; dtY = dDmye if r > Fiper, and d@HD =
d® [/Mgecr If ¥ < Fgeer; standard control parameter
values are rier = 0.75, rgeer = 0.25 mjpe, =
1.5, mgeer = 2 [37].

6. Acceptance of the new iteration point: x*1) is accepted
only if r > 0 (i.e., EM-evaluated objective function
has been improved); otherwise, the iteration is repeated
with the reduced TR size;

7. Algorithm termination: Convergence in argument
(| —x@| < &) or sufficient reduction of the TR
size ( d?® < ¢ ); the termination threshold is set to
e=1073.

The algorithm is provably convergent to the local mini-
mum of the cost function U(x) under mild assumptions
concerning the smoothness of the functions involved (they
must be at least continuously differentiable [37]). Although
this condition is not necessarily fulfilled for EM-simulated
characteristics, the algorithm is also convergent due to even-
tual reduction of the TR size. The initial design x = [4.30
0.30 3.00 0.55 3.70 0.503.00 0.30 116.0]” was found using
parametric studies. The optimized design obtained through
optimization was x = [4.189 0.293 2.058 0.828 2.705
0.8283.143 0.388 11.3466.522]" mm. The initial and opti-
mized antenna reflection coefficient and gain are presented in
Figs. 2 and 3, respectively. The ELC was included in the opti-
mization process to ensure greater accuracy and consistency
between simulation and measurement results. Three param-
eters had been incorporated into the optimization process to
determine the optimal location of the reflectors, which con-
tributed to improving antenna performance. These parameters
include: R; and w,, which define the length and width of each
reflector; R, representing the separation distance between the
reflectors and the feed line. These, along with other antenna
parameters, were optimized to enhance both bandwidth and
gain. As a result, the bandwidth increased from 2 GHz to
2.6 GHz, cf. Fig. 2, and the gain improved from 7.6 dBi
to 9.35 dBi, cf. Fig. 3. Three designs of the Yagi antenna
are shown in Fig. 5(a), (b), and (c) to evaluate the impact
of the reflector and ground on antenna performance. The
design in Fig. 5(a) is the proposed configuration, combin-
ing the benefits of both the reflector and ground to achieve
improved reflection. In Fig. 5(c), the truncated ground plane
acts as a reflector, serving as a partially cut-away ground
structure that enhances radiation efficiency by redirecting
energy toward the end-fire direction (y-direction). Figure 5(d)
illustrates the E-plane radiation patterns for the three antenna
configurations. The results show that the truncated ground
plane effectively reduces back lobe radiation, while the
reflector-based design provides higher gain. Furthermore,
the radiation patterns of the Yagi-Uda antenna, with both
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FIGURE 6. The antenna performance with an increasing number of
directors: (a) the reflection coefficients and (b) the gain.

reflector and ground plane configurations and with or without
ELC, display nearly identical characteristics. This indicates
that the presence of the ELC has a minimal effect on the
antenna’s radiation performance. A comprehensive analysis
of the impact of increasing the number of directors on the
optimized antenna’s performance has been conducted, with
the results presented in Fig. 6. The findings reveal that the
antenna gain improves to 10 dBi and 10.4 dBi when the
number of directors is increased to two and three, respec-
tively. However, while this modification enhances gain, it also
leads to an increase in antenna size without significantly
improving overall performance. Furthermore, a decrease in
gain is observed around 27 GHz when the number of direc-
tors is increased from one to three. Additionally, increasing
the number of directors results in a reduction in broadband
operation, further highlighting the trade-offs associated with
this design modification.

IV. METAMATERIAL ANTENNA

Although the Yagi antenna gain is enhanced by using a
third-order mode-driven dipole and reflectors, path loss at
millimeter waves is dominant, so further improvement in gain
is required to ensure signal quality. A set of metamaterial
unit cells was embedded on the antenna substrate in front
of the director (in the xy-plane). Figure 7 depicts the Yagi
antenna with the metamaterial array. A 4 x 5 array of unit
cells was integrated into the same antenna substrate, posi-
tioned in front of the director. Simulations were employed
to optimize the number of metamaterial unit cells, striking a
balance between high gain, bandwidth, and a compact design.
To meet the desired gain while maintaining a manageable
physical size, the number of metamaterial rows along the
y-axis was increased. By incorporating unit cells directly
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FIGURE 7. The proposed Yagi antenna with a metamaterial array.

----- Before optim.
After optim

Rellection coellicients (dB)

25 26 27 28 29 30
Frequency[GHz]
(a)

&
=
c
©
)

8 === Bafrre optim.

After optim.
25 26 27 28 29 30
Frequency[GHz]
(b)

FIGURE 8. Metamaterial antenna performance before and after
optimization: (a) Reflection coefficient, and (b) gain.

into the antenna substrate and optimizing their geometric
parameters through numerical methods, the design process
can be streamlined, minimizing the need for iterative adjust-
ments to geometry dimensions while achieving an optimal
design. This approach, which focuses on optimizing the
metamaterial within the antenna system itself—rather than
designing the metamaterial independently and integrating it
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FIGURE 9. (a) Metamaterial configuration. (The dimensions are: x1 =
1.390 mm, y1 = 2.820 mm, ¢= 0.200 mm, sc= 0.204 mm, ul= 0.103 mm,
u2= 0.203 mm, th= 0.254mm), and (b) Gain enhancement mechanism.

S-paramelers

25 26 27 28 29 30
Frequency[ GHz]
(d)

I
(53]

R
[ L S N o |

Relractive mdex

b

26 27 28 29 30
Frequency [GHz]
()

=]

[
o

FIGURE 10. Metamaterial performance: (a) S-parameters, and
(b) Refractive index.

later—eliminates the need for re-adjusting the number and
placement of unit cells, resulting in significant savings in
both time and resources compared to handling these tasks
separately. In Figs. 8(a) and (b), the reflection coefficient
and gain of the Yagi antenna with metamaterial loading are
presented, comparing the results before and after optimiza-
tion. The addition of the metamaterial array impacted the
impedance matching performance of the antenna compared to
the unloaded version, as shown in Fig. 8(a) and Fig. 2. How-
ever, after optimization, the impedance bandwidth improved,
becoming nearly identical to that of the unloaded antenna.
The metamaterial antenna initially shows a considerable
gain increase, reaching 11.8 dBi at 28 GHz, cf. Fig. 8(b).
This highlights the potential for numerical optimization
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FIGURE 11. Performance of the metamaterial antenna with varying
numbers of array rows: (a) reflection coefficient and (b) gain.

techniques to push performance even further. Through the
application of the TR algorithm, the unit cell dimensions were
fine-tuned, leading to a gain boost to 13.8 dBi at 28 GHz,
as depicted in Fig. 8(b). The steps involved in the optimization
are discussed in Section V.

V. GAIN PERFORMANCE OPTIMIZATION

The second stage of the optimization process aims to
improve the gain of the metamaterial-inspired antenna shown
in Fig. 6. This involves refining crucial design param-
eters of the metamaterials, which are represented by a
set of nineteen variables organized into a vector, x =
[x1 y1 g &1 ¢ shuy up se Lwdywa Ry wy Ry f fi g1 . Some
of these parameters pertain specifically to the metamaterial,
such as g and g;, which represent the gaps between the
unit cells along the x- and y-axes, respectively, cf. Fig. 6.
Additionally, sh represents the distance between the director
and the metamaterial array. The remaining ten parameters
are related to the Yagi antenna structure and were utilized
in the second optimization phase to provide additional flexi-
bility in enhancing both bandwidth and gain. The parameter
space X is defined as the interval [Lo, up], where the lower
and upper bound vectors are given by L, = [1.0 1.4 0.2
020.15020.1020240032031.003040210
6.0]7 and up = [2.5 3.0 0.50 0.50 0.30 1.00 0.30 0.30 0.30
5.8 0.6 6.0 0.8 4.5 0.7 3.0 0.6 12 9.0]”, with all values in
millimeters. Additional constraints were applied to guarantee
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the geometric consistency of the metamaterial: f; +k +wg +
sh + 4y + 3g1 < 28 mm, 5x1 +4g < X,, and 4¢c — x1 <
—0.2mm. The initial design x = [1.40 2.40 0.20 0.20 0.15
0.20 0.10 0.20 0.20 4.18 0.29 2.05 0.82 2.70 0.82 3.14 0.38
11.34 6.52]" was obtained from parametric studies, except
for the last ten parameters, which were retained from the
initial optimization phase. The final design x = [1.390 2.820
0.200 0.202 0.200 2.370 0.103 0.203 0.204 4.18 0.29 2.00
0.89 2.74 0.77 3.26 0.423 11.20 6.70]7, was obtained using
the algorithm described in Section III, requiring less than one
hundred EM antenna simulations. The gain has noticeably
improved through the use of the metamaterial array and the
second optimization phase, as observed in Fig. 8(b). The final
design achieves an average gain of approximately 12.8 dBi,
with a maximum of 13.8 dBi at 28 GHz, while the reflection
constraint is maintained similarly to that of a standalone
antenna, cf. Fig. 8 and Fig. 2. Figure 9 illustrates the config-
uration of the proposed metamaterial, which is designed on
the same Rogers RO3010 substrate as the antenna to ensure
seamless and compatible integration. This metamaterial is
intended to improve the gain across the entire operating band.
Figure 9(a) displays the simulated model, printed on the front
of the substrate, with its dimensions detailed in the figure
caption. Given that the incident wave from the Yagi antenna
propagates in the y-direction, cf. Fig. 1, the two ports of
the unit cell were positioned accordingly. The waveguide
surfaces along the x-direction were defined as perfect electric
conductors (PEC), while the surfaces along the z-direction
were defined as perfect magnetic conductors (PMC). The
unit cell S-parameters and the refractive index are depicted
in Fig. 10. The unit cell exhibits a near zero refractive index
(NZIM) across the desired band. The NZIM functions as
a meta-lens, concentrating radiation in the desired end-fire
direction. When combined with antennas, this unique charac-
teristic, the NZIM, can lead to significant gain improvement.
The mechanism behind gain enhancement can be understood
through Snell’s law of refraction, given by sina; - n; = sino
ng, where nj(e;) and ng(e,) represent the refractive indices
(angles) of the metamaterial and air, respectively. Figure 9(b)
illustrates that when incident rays move from a medium
with a near zero refractive index (n; = n,,. ~ 0) into air
(ngir =1), the refracted rays spread out perpendicular to the
interface. Consequently, the phase change in the electromag-
netic wave becomes negligible, resulting in gain enhancement
in the end-fire direction. The impact of increasing the num-
ber of metamaterial array rows was investigated, and the
results are presented in Fig. 11. A comprehensive analysis
was conducted to determine the optimal array configuration,
ensuring a balanced trade-off between gain enhancement,
bandwidth, and compactness. During the selection process,
the number of rows was varied from 1 to 6, while maintaining
the original antenna parameters unchanged. As shown in
Fig. 11, increasing the number of rows resulted in a progres-
sive gain improvement, reaching a peak value of 13.8 dBi
with the 4 x 5 configuration. However, further expansion
of the array beyond this configuration led to only marginal
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FIGURE 12. Surface current distribution of the metamaterial antenna
at 28 GHz.

gain improvements while significantly increasing the overall
antenna profile. Additionally, the variation in the number
of array rows had minimal impact on the reflection coef-
ficient, as the antenna continued to cover nearly the same
frequency band as the standalone configuration. Based on
these findings, the 4 x 5 configuration was identified as
the most efficient choice for achieving optimal performance
while maintaining a compact design. The surface current
distribution for the proposed metamaterial-based antenna,
presented in Fig. 12, demonstrates the metamaterial’s ability
to influence EM wave behavior. The metamaterial array func-
tions as an efficient guiding medium, concentrating radiated
energy along the end-fire direction (aligned with the y-axis).
This focused propagation contributes to an enhancement in
antenna gain performance.

A few comments should be made concerning the specific
arrangement of the optimization process, selection of opti-
mization parameters, and constraints. The design task has
been split into two parts. The first stage only included the
core antenna parameters, which were selected as those having
main effect on antenna responses. In the second stage, the
parameters describing the metamaterial array were incor-
porated as well to achieve extra gain boost. At this stage,
the core antenna parameters are also used to increase the
number of degrees of freedom. This arrangement allows
for facilitating identification of the maximum gain, which
would be more difficult if a one-stage approach was used
(a gain-improved design found in the first stage where less
parameters were tuned provides a better starting point for
the second stage). The constraint selection is rooted in two
conditions: (i) the need to preserve impedance matching
bandwidth, (ii) the need to preserve geometrical consistency
of the antenna. The first constraint is handled implicitly by
adding an appropriate penalty term (cf. (1)), which is because
it is a computationally heavy condition (each evaluation of
it required a separate EM simulation). As indicated in [32],
implicit handling is more efficient for computationally expen-
sive constraints. The geometrical constraints are fulfilled by
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FIGURE 13. Yagi antenna setup in the anechoic chamber, with the inset
displaying a close-up of the fabricated prototype.
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Frequency [GHz]

FIGURE 14. Comparison of simulated and measured reflection
coefficients.

assigning appropriate lower and upper bounds for design
parameters, which ensure that the building blocks of the
antenna and the metamaterial array do not overlap, or do
not extend beyond the substrate area. On the other hand,
they ensure that the fabrication constraints are met as well
(the minimum size of any detail cannot be smaller than
0.2 mm for the technological process used to manufacture
the antenna, here, LPKF protolaser). Finally, we chose a
local optimization algorithm because it is the only practical
option to due high computational cost of antenna simula-
tion. None of the global search techniques can be employed
because of prohibitive CPU expenses. Nature-inspired meth-
ods such as genetic algorithms or particle swarm optimizers
are particularly unsuitable due to their dramatically poor cost
effectiveness. Furthermore, preliminary studies (including
geometry evolution and parameter sweeping) provide us with
reasonably good starting point, making local optimization
sufficient to find the maximum gain.

VI. ANTENNA FABRICATION AND PERFORMANCE
MEASUREMENT

To validate the simulation results and showcase its potential
for 5G mmWave applications, the metamaterial-based Yagi
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TABLE 1. Benchmarking the proposed metamaterial antenna against current state-of-the-art designs.

Ref Antenna Frequency Bandwidth(GHz) Max. Gain Mechanism
) Size (A (GHz) (Fractional(%)) dBi (structure)
(Size (A)
18 Yagi antenna (4.67x2.07%0.15 20 16.51-21 11.83 1x4 Yagi arra
[ g (22.4) gi array
19 Yagi antenna (3.2x2.62x0.21 28 26.79-28.38 11.16 1x8 Yagi arra
[ g (5.6) gi array
[20] Helix Antenna (2.86x1.03x0.14) 28 ggg 7.8 Double-helix antenna
[21] Helix Antenna (1.40%1.03x0.0189) 28 26%]53_3;; 14 59 Single turn helix
[23] Vivaldi Antenna (5.14x 3.73 x 0.047) 28 21'?;;%3'81 12.5 1 x 4 Vivaldi array
[24] Leaky wave antenna (8.2x6%3.5) 30 28(131_36;8 15.5 12-element leaky wave antenna
[25] Leaky wave antenna (6.48 x 4x 0.144) 60 56(13 1_?34 13.4 12-element leaky wave antenna
31 Patch antenna (2.60%1.37x0.65 28 27.2-29 13.67 Seven metamaterial layers (3D
[32] Dipole antenna (2.71x1.42x2.92) 28.5 25(26 1_3%8 11.0 Two metamaterial layer (3D)
[33] Slotted-patch antenna (2.13%1.20x0.68) 28 (225 1_ 341) 12.7 One metamaterial layer (3D)
[34] Patch antenna (2.06x1.68x1.50) 28 26'5(2_%9 31 11.94 One metamaterial layer (3D)
Dipole antenna (4.06x1.27x0.026) 38 23('51; 14;8 8.1 Dipole array
[35] )
Metamaterial antenna(4.37x1.37x0.028) 41 23(‘ 51 i ‘;‘;8 11.21  Etching the metamaterials on the substrate (2D)
Yagi antenna (1.59%1.40x0.024) 28 26.6-29.3 935 Third-order mode-driven dipole +reflectors
0.7 (2D)
This work 26.6-29.3
Metamaterial antenna(2.61x1.40x0.024) 28 t9 7 ’ 13.8  Etching the metamaterials on the substrate (2D)
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FIGURE 15. Comparison of simulated and measured gains.

antenna, refined through a formal numerical optimization
method, was manufactured. The inset of Fig. 13 displays
the fabricated prototype. Testing of the antenna’s reflection
coefficient was performed using an Anritsu vector network
analyzer MS4644B, and the radiation patterns were verified
inside an anechoic chamber, as shown in Fig. 13. Figure 14
shows a comparison of the simulated and measured reflec-
tion coefficients. The antenna demonstrates a simulated wide
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impedance bandwidth ranging from 26.6 GHz to 29.2 GHz,
effectively covering the 5G band at 28 GHz. The [S; |
results show excellent agreement between the simulated and
measured data, with both covering approximately the same
bandwidth. A small discrepancy in the resonance magnitude
between the measured and simulated data can be observed,
likely due to factors such as fabrication tolerances, cable
losses, and assembly errors. Figure 15 presents the realized
gain plots of the metamaterial-based Yagi antenna, comparing
simulated and measured results. The simulated gain varies
from 13 dBi to 13.8 dBi across the operating band. The
measured gain is largely in agreement with the simulation
results, with some minor deviations, likely caused by pre-
viously mentioned issues like inaccuracies in fabrication,
assembly, or angular positioning during testing. The co- and
cross-polarization radiation patterns of the newly developed
antenna are illustrated in Fig. 16 for the E- and H-planes
at 28 GHz. The metamaterial antenna exhibits directional
radiation patterns in both the E- and H-planes, with minimal
cross-polarized field levels, maintaining a low level below
—27 dBi. This performance indicates good beam focusing
and reduced interference from undesired directions. Addi-
tionally, the measured results align closely with the numerical
simulations, confirming the accuracy of the design and the
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FIGURE 16. Co- and cross-polarization radiation patterns at 28 GHz
(a) E-plane and (b) H-plane.

effectiveness of the metamaterial structure in enhancing
directional radiation characteristics. The proposed metamate-
rial antenna has been compared with state-of-the-art designs
recently reported in the literature, all of which operate in
comparable frequency ranges. The data are summarized in
Table 1. In contrast to these designs, the antenna devel-
oped here offers high gain, alongside a compact, low-profile
structure and wide bandwidth. Additionally, its geometry is
simple, making it easy to manufacture using standard PCB
techniques.

VIi. CONCLUSION

A Yagi-Uda antenna with broadband and high-gain capa-
bilities, incorporating a third-order mode driven dipole
and metamaterials, was introduced to cover the 5G fre-
quency range of 27.5-28.35 GHz. The design underwent
two optimization phases to enhance the performance of
both the stand-alone Yagi and metamaterial antenna. The
Yagi antenna, comprising a third-order mode driven dipole,
reflectors, and a director, had its component dimensions
and locations precisely optimized using the TR algorithm to
achieve target gain and bandwidth specifications. The result-
ing design offers a broad 2.6 GHz bandwidth and a gain of
9.36 dBi at 28GHz, outperforming conventional Yagi designs.
In the second stage, an optimization of the metamaterial

VOLUME 13, 2025

unit cells’ dimensions and spacing was performed using the
TR algorithm, yielding a gain increase to 13.8 dBi, while
maintaining the standalone Yagi bandwidth. The developed
antenna was validated experimentally, showing excellent con-
sistency between simulated and measured outcomes. This
design stands out in comparison to recent advancements in the
literature, providing a simplified, low-profile system while
achieving high gain and wide bandwidth.
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