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Abstract

This paper describes design procedure of a high-performance miniaturized antenna with an array configuration, which
contributes to enhancing the communication system’s performance. The basic antenna features a compact size (6 x 6) mm2,
and its single element is an H-shaped slotted patch printed on the top side of a Rogers RT5880 substrate, with a relative
permittivity and thickness of 2.2 and 0.3 mm, respectively. The edge-to-edge distance of the 2 x 1 array antenna is 9 x 14
mm?2, and the isolation between its radiation elements is 4.5 mm. To increase the capabilities of the antenna in terms of gain
and bandwidth, we proceeded to use the 2 x 1 array configuration and then optimized the model via either the width of the
feed line or the elliptical edges of the patch. The miniaturized array antenna achieved a peak gain of 12.56 dB, a directivity
of 13.11 dBi, and a return loss of -47.52 dB at a resonance frequency of 91.5 GHz, with a radiation efficiency of more than
91% over an operating bandwidth of 15.83 GHz, ranging from 79.7 GHz to 95.6 GHz. The design and simulation results of the
proposed antenna were obtained using the CST Studio software.

Keywords: array antenna; CST studio; millimeter wave; miniature; ultra-wide band; slots.

Introduction

As a core device for wireless technology, many studies have been conducted on antenna systems, especially
micro strip patch antennas (MPAs), which are the most recent development in the field of antennas and have
been integrated into a variety of applications (including radio-frequency identification (RFID) [1-2], active
antenna unit of a 5G base station[3],and multiple-input multiple-output (MIMO) systems [4,5]) because of their
obvious benefits of flat shape, low cost, easy integration, and fabrication. On the other hand, MPAs have a
number of disadvantages too, the most significant of which are low gain, limited bandwidth, and high feed
network losses. As a result, numerous antenna researchers have made significant attempts to alleviate these
limitations, for example improving the bandwidth by increasing the thickness of the substrate [6] or using stubs
[7], a negative capacitor/inductor [8], a non-Foster matching circuit [9-14], a U-E-H shaped patch [15], an L-
shaped antenna with U-shaped slot [16], defected ground structures (DGS) [17], magneto-dielectric substrates
[18-20], electromagnetic band-gap (EBG) structures [21,22], meta-material resonators [23-25], fractal
geometries [26-28], and cavity backing [29,30]. While gain improvement is possible with dielectric-loaded
exponentially tapered slot antennas [31] and substrate-integrated waveguides (SIW) [32], this is also possible
with the use of array antennas, as they offer the advantage of high gain [33-35]. However, the need for small,
compact array antennas and the shift to millimeter- and terahertz-wave applications have led to a big
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degradation in the performance of the array, resulting from strong mutualcoupling between radiating elements.
To overcome this, a number of mutual-coupling suppression (decoupling) techniques have been applied to
improve the performance of the antenna’s parameters, including the use of electromagnetic band-gap (EBG)
structures [36-41], meta-materials (MTM) [42-48] and on-chip antennas based on meta-material, meta-surface,
and substrate integrated waveguide principles for millimeter- and terahertz-wave integrated circuits and
systems. On-chip antennas are suitable for tablet computers, cell phones, headsets, and WiFi and WLAN routers.

The above-mentioned technologies introduced in on-chip antennas, yield significantly improved impedance
match, bandwidth, gain, and radiation efficiency [49-53]. These techniques have been introduced to effectively
limit mutual coupling between adjacent radiation elements that can otherwise degrade the array’s radiation
gain and pattern. EBG meta-surface and meta-material based antenna techniques provide structural simplicity,
which lowers manufacturing costs. Additionally, a very broad frequency coverage with excellent performance
can be attained. The ever-increasing demand for wireless applications that deliver high-quality content to a large
number of users simultaneously has resulted in a massive increase in data volume, which has resulted in a
shortage of spectrum in the microwave band, causing networks to become congested. To address this issue,
researchers have moved to millimeter wave (30 to 300 GHz) usage, where we find some appealing applications,
for example, wireless digital data transfer allocated around 60 GHz between a high-definition TV (HDTV) and a
DVD player of uncompressed high-definition video, autonomous robots, and back hauling allocated around 80
GHz; and motion sensing at 100 GHz.

The mm-wave choice is appropriate for the main reason that mm-wave systems have larger available bandwidth
as compared to other communication frequencies below 10 GHz because of a metric called the fractional
bandwidth (for example, designing a system that occupies 5% of the operating frequency means having 5 GHz
of available bandwidth at 100 GHz) and it is well-known that the larger bandwidth enhances the channel
capacity. On the other hand, because radio signals at millimeter-wave frequencies attenuate significantly with
distance for many applications, it is vital to pick an appropriate frequency band with the least attenuation to
obtain maximum distance and minimize attenuation. Due to their lower attenuation, the bands between 10 to
40 and 70 to 100 GHz are currently the most commonly used [54,55]. In general, the losses caused by
electromagnetic wave atmospheric absorption at higher frequencies remain constraints for mm-wave
applications. Therefore, antenna arrays come as a solution to achieve higher gain and efficiency. This study
focused on two main axes: the influence of the array configuration on gain and efficiency improvement, and
how to obtain a wider bandwidth.

The Approach Used in the Presented Work

Starting from the fact that we aimed to develop an antenna that meets criteria defined beforehand, i.e., higher
gain and wider bandwidth, an accurate plan was drawn up (Figure 1) that clarified the steps to be taken to
achieve the desired characteristics. In the first stage, the goal was to design a basic antenna (with a single
patch).The desired results obtained after optimization were then used in the next stage.

The first stage started with the choice of the substrate material, because it is of great importance in the search
for an efficient antenna operating at high frequencies. Before determining the initial antenna geometry, to be
operated at a frequency chosen in advance, using established formulas derived from transmission line model
analysis and then optimizing the design to achieve the desired results, it is necessary to mention that we started
by designing an antenna with a square patch and then made changes in the shape to improve the characteristics
of the antenna, i.e., bandwidth and gain.

The second step (2 x 1 array antenna) was based on the findings of the previous stage, and because we wanted
to optimize the bandwidth and gain values as much as possible, two distinct methods of antenna bandwidth
optimization were adopted. The basis of the first method was to adjust the main feed line width. The second
approach involved varying the radius of the ellipse positioned on the patch’s sides and then comparing the
outcomes in terms of bandwidth, gain, and radiation properties in order to find the best results. After we got
the desired results, the last step was to create the antenna’s design according to these results, i.e., the antenna
design proposed in this work. The work was based on the use of the CST software for calculation and design
during both stages. The calculation procedure was done using transmission line model analysis.
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Figure1l Methodology of the present work.

Results and Discussion

Several methods have been applied for the analysis of micro-strip antennas, which can be classified into two
categories: approximate methods and rigorous methods (full-wave). The first ones are based on simplifying the
assumptions, because of which they have limitations and provide less precise solutions. They are generally used
for modeling single-element antennas due to the difficulty encountered in modeling the coupling between
several elements. They do, however, provide a good physical overview with very little computation time. The
rigorous methods take into consideration all the important wave mechanisms and rely heavily on the use of
efficient digital algorithms. The rigorous methods are very precise when applied properly and can be used for
modeling a variety of antennas, including array antennas. These methods tend to be more complex and provide
less of a physical overview. Often, they require more calculations, which means higher calculation time. As
approximate methods, we have the transmission line model and the cavity model. The rigorous methods include
finite element methods, the finite difference method (FDTD), the transmission line matrix method (TLM), and
the method of movements. In this work, the calculation procedure was done using transmission line model
analysis.

Antenna Modeling

To understand how an antenna works, it is important to look at its physical components, the parameters that
describe its behavior, and the model used to evaluate the antenna. The patch is usually made of a conductive
material, such as copper or gold, and is generally photo-etched onto the insulating substrate. It can have many
shapes, such as dipole, monopole square, triangular, circular, rectangular, or other different complicated shapes,
but rectangular and circular are most commonly used, because they are very easy to analyze and manufacture.
Various substrate materials can be employed, including ceramic, ferromagnetic, semiconductor, and synthetic
materials. The substrate serves both as a dielectric medium for etching the circuits and a mechanical support for
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the construction. Low dielectric losses are often employed to increase antenna performance, and low relative
permittivity substrates are often used to improve the radiation while lowering the losses. The printed antenna
is excited. This means that energy is supplied to the patch so that we can directly influence its radiation and
modify it to attain high performance. To excite the antenna, two techniques can be used: the contacting feed
technique (the power is transmitted directly to the patch by a coaxial probe or micro-strip line) and the non-
contacting feed technique (the power is transmitted to the patch via electromagnetic coupling, whether
proximity coupling or aperture coupling).

Resulting Designs
Antenna With a Single Patch

As can be seen in Figure 2(a), the antenna was formed by two pieces of copper with 0.035 mm of thickness,
representing the patch and the ground plane, separated by Rogers RT5880 material as the substrate, whose
characteristics are represented in thickness (h), loss tangent, and permittivity, which were 0.3 mm, 0.0009, and
2.2, respectively. The patch contained a small horizontal stub in each corner; see Figure 2(b). The lateral edges
are semi-ellipse-shaped, playing a major role in the antenna performance.
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Figure 2 Basic antenna: (a) 3D shape, (b) geometry dimensions, (c) side view.

A 50-Ohm feed line technique was employed to achieve impedance matching between the antenna and the feed
line; as can be seen above, the antenna was H-shaped slotted. The employment of this slotting technique allows
for multiband behavior. To design the target antenna, we first built a basic antenna, whose patch was employed
as a fundamental element in the final antenna design. Initially, we assumed that the patch was rectangular in
shape. The dimensions were theoretically computed to a frequency of 80 GHz by referring to Egs. (1) to (5)
stated below. Rectangular and square patch antennas have the same calculation procedure for the size (L x W),
except that for the square patch, the width is neglected. As a result, the size of the square patch will be (L x L)
rather than (L x W) as it is for the rectangular patch. The width was computed using the formula:

W= C/2fr[(er+1)/2]% (1)
¢ =velocity of light in air
fr = operating frequency
er = dielectric permittivity

The length was computed using the formulas:

ereff = (er+1) /2 + [(er-1) /2] (1+12h /W) % (2)
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ereff =effective dielectric constant
h =height of substrate

Leff = C/ 2fr ( ereff )% (3)
AL=0.412h [(W/h+0.264) (ereff+0.3)] / [(ereff-0.258) (W/h+0.8)] (4)
L= Leff - (2 AL) )

Leff = effective length
AL =length extension
L = length

The calculation procedure was done using the transmission line model analysis mentioned above. The patch
length and width were found to be 1 mm and 1.5 mm, respectively, but because the antenna had to be optimized
to meet the desired performance characteristics(represented in gain, bandwidth, and frequency of resonance),
they were then adjusted to Lp =3 mm and Wp = 3 mm. All the details regarding the antenna model dimensions
with a single patch are given in Table 1. The antenna was square-shaped (6 x 6 mm?), while the patch was not
because of the elliptic-shaped sides, but we could use the existing theoretical formulas to approximate the initial
dimensions of the antenna at the desired frequency. We also note for the ellipses that the vertical radius Ry
stayed fixed and was substantially larger than the horizontal radius Rx, in the order of 1/100 millimeters. Rx has
a great and direct influence on the antenna parameters, and it gave good results, especially in the range of 0.01
to 0.05 mm (see the discussion part for the second stage). The same goes for the width Wf of the feed line,
which also has a remarkable impact on the antenna behavior, like that of the elliptical-shaped radius.

Table 1 Single element antenna dimensions.

Parameter Value (mm) Parameter Value (mm)

Ws 6 Rx 0.05
Wg 6 Ry 1.4
Ls 6 a 1.5
Lg 6 b 1.5
Wp 3 c 0.1
Lp 3 d 0.17
WH 0.36 e 0.38
Lf 1.1 H 0.3

Second Stage: 2 x 1 Array Antenna Design

The second stage was reserved for designing the proposed antenna; Figure 3 depicts the geometry of this
antenna. As shown in Figures 3(a) and (b), the design of the antenna was fundamentally based on the previous
design, with the exception that the feeding network underwent a small modification in the feed line dimensions
corresponding to the patches, and inset feeding was used at each patch to feed the two elements to lower the
input impedance, which provides higher antenna efficiency; a corporate feed line is connected with the network,
which serves as a T-junction power divider to create the 2 x 1 array configuration. The feed lines’ dimensions
were set to maximize the matching between the source and the antenna represented by the two patches.
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Meanwhile, the substrate and ground plane dimensions as well as the substrate thickness were kept without
modification. The antenna patches were positioned at a well-determined and precise distance (S) of separation
in order to get good insulation. The size of the new model was 14 x 9 mm?2, still retaining the advantage of
miniaturization. Also note the presence of notches with length and width measurements of 0.3mm and 0.02mm,
respectively, which are due to the use of the inset-feeding technique.

The aim of this was to perfectly match the impedance of the patch with the feed line. The patch was not
modified; it still had the H-shaped slot and the little stubs; we merely multiplied this patch to get the array
configuration (Table 2 provides the geometry of this design). When we look at, for example, the substrate and
ground plane width dimensions (Ws and Wg) in Table 2, we see that, in reality, it is as if two antennas from the
previous stage (single-patch antenna) are placed in a cascade, so that the patches are distanced by 4.5 mm. The
new feature in this stage was that we used the inset-feeding technique (notches) in addition to the feed network.
Geometrically, the 2 x 1 element array antenna became rectangular in shape, while the symmetry was
preserved, as a symmetrical structure produces better results and reduces simulation time.
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Figure 3 Proposed antenna:(a) 3D shape, (b) geometry dimensions.

Table 2 Suggested antenna dimensions.

Parameters Values (Mm) Parameters Values(Mm)

Ws 14 W 0.15
Wg 14 Lf 0.77
Ls 9 S 4.5
Lg 9 m 0.02
WF1 0.33 n 0.3
Lf 1 1.4 h 0.3

Antenna Characteristics Results

Antenna with a Single Patch

The antenna characteristics are primarily determined by the patch geometry, the excitation technique, the
substrate thickness, and the dielectric constant, which are all considered critical for monitoring the antenna’s
behavior and improving the performance. In this work, we first optimized the basic antenna (with a single patch),
the results of which were then used to design the target antenna (with 2 x 1 patches). Figure 4 depicts the
variation in the S-parameter as a function of frequency change. The reflection coefficient (return loss) is the rest
of the power that does not radiate, which allows us to know the quality of adaptation of the antenna, or an
antenna with impedance Zant, connected to the source by a characteristic impedance line Zc. The reflection
coefficient is:

S11= (Zant - Zc) / (Zant - Zc) (6)
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Zant and Zc represent the antenna impedance and characteristic impedance, respectively. The reflection
coefficient depends on the value of S11 and should be less than -10 dB in magnitude; as is expressed below, the
single patch antenna is triple-band. It resonates at three frequencies: 61.3 GHz, 73.25 GHz, and 87.7 GHz, which
correspond to bandwidths of 1.66 GHz, 6.13 GHz, and 6.47 GHz, respectively. The achieved reflection coefficients
at these frequencies were -20 dB, -17 dB, and -27 dB, respectively. Table 4 describes these results well. The gain
is the ability of the antenna to radiate less or more in any direction (8, ¢)compared to a theoretical antenna
called isotropic non-existent, which radiates in all directions in reality.

G(8, @)= 4mp(B, @) / PA (7)

PA =power of the antenna

511 (dB)

50 55 60 65 T0 75 80 85 S0 95 100
Frequency (GHz)

Figure 4 Reflection coefficient of the single-patch antenna.

Figure 5 shows the 2D radiation pattern plot of the realized gain for the antenna with a single patch at
frequencies of 61.3 GHz, 73.25 GHz, and 87.7 GHz. It demonstrates that this antenna at a resonant frequency of
87.7 GHz generated a low side lobe level of -3.9 dB, a half power bandwidth (HPBW) or angular width (3 dB) of
45.3°, and a main lobe magnitude of 7.95 dB. The best attributes of the other centers of frequency were as
follows: at 61.3 GHz in the H-plane, the antenna had a low side lobe level (SLL) of 12.6 dB, an angular width (3
dB) of 48°, an angular width (3 dB) of 42.6°, and a main lobe magnitude (MLM) of 6.05 dB. At 73.25 GHz in the
E-plane, the antenna had a low side lobe level of -12.4 dB, an angular width (3 dB) of 64.8°, and a main lobe
magnitude of 1.64 dB. The directivity indicates in which directions the power density was better or worse than
that of the isotropic antenna.

D(B, ¢)=4m p(6, ¢) /PR (8)
P (8, ®) =radiated power per unit of solid angle (8, ¢)

PR =total radiated power

- f=61.3 GHz
o =73.25GHz
0 m=e §=87.7GHz

Figure 5 Realized gain radiation for the single antenna patch: (a) H-magnetic field plane,(b) E-electric field plane.
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Figure 6 (a), (b), and (c) represent three-dimensional plots of the directivity radiation of the single-patch antenna
at 61.3 GHz, 73.25 GHz, and 87.7 GHz. We opted to show the radiation characteristics of directivity at all the
frequency spots to illustrate the place with maximum directivity (8.67 dBi at 87.7 GHz, as opposed to 6.74 dBi
and 7.05 dBi at 61.3 GHz and 73.25 GHz, respectively). The antenna radiates in the upper mid-sphere with a
direction of 0° in the H-plane and 57° in the E-plane; this performance also concerns certain other characteristics.

Type Farfield .
Approximation  enahled (kR == 1) 4.64
Monitor farfield {f=61.3) [1] 3.37
Component Abs | 2.11
Output Directivity

Fregquency 61.3

Rad. effic. -0.7974 dB

Tot. effic. -1.198 dB

Dir. 6.743 dBi

Type Farfield . Type Farfield
Approximation  enabled (kR == 1) 4.85 Approximation  enabled (kR == 1)
Monitor farfield (=73.25) [1] 3.53 Monitor farfield ((=87.7) [1]
Component Abs 2.2 Component Abs

Qutput Directivity 0.881 Qutput Directivity
Frequency 73.25 -2.06 Frequency 87.7

Rad., effic. -0.8967 dB Rt Rad. effic. -0.4149 dB

Tot. effic. -1.385dB -20 & Tot. effic. -0.7542dB

Dir. 7.050 dBi 26 8 ~ Dit. 8671 dBi

(b) (c)
Figure 6 3D directivity radiation for the single antenna at: (a) 61.3 GHz, (b) 73.25 GHz, (c) 87.7 GHZ.

Figure 7 presents a comparative showing of gain and efficiency as a function of frequency change. As shown
below, there is an approximate proportionality between the two curves at certain frequency ranges. To validate
this, here is a summary of the results extracted from the two curves: for the frequency band (61.3 GHz), the
average radiation efficiency and realized gain were about 82.3% and 5.55 dB, respectively; the maximum realized
gain was 5.94 dB and the maximum directivity was 7.5 dBi, both at 62.25 GHz. For the frequency band (73.25
GHz), the average radiation efficiency and realized gain were about 76.5% and 5.5 dB, respectively, with a
maximum realized gain of 7 dB and a maximum directivity of 8.6 dBi, both at 77.3 GHz. For the frequency band
(87.7 GHz), the average radiation efficiency and realized gain were about 85% and 7.35 dB, respectively; it had
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a maximum realized gain of 8.84 dB and a maximum directivity of 9.6 dBi, both at 90 GHz, and a maximum
efficiency of 91% at 86.6 GHz. The antenna with a single patch gave good results in terms of gain (8.84 dB),
directivity (9.6 dBi), efficiency (91%), and coefficient of reflection (-27 dB) in the frequency band of 87.7 GHz.
Table 4 illustrates these results.
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9 1 - - 0.9
% g A — - 0.8 ‘E
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= | (=
o6 (87.7, 7.92) 0.6 £
= Ll
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50 55 60 65 70 75 B0 85 20 95 100
Frequency {GHz)
Figure 7 Radiation efficiency and realized gain for the single antenna.
Array Antenna

As is well known, bandwidth and reflection coefficient values play an important role in determining the efficiency
of any antenna device. They depend on several parameters, such as frequency, patch shape, characteristics of
the substrate, and other post-processing parameters. Several techniques allow the enhancement of antenna
performance in terms of bandwidth, as shown in Figure 8 below.
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- shape of the patch
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elements

structures {DG5)
- magneto -dielectric
substrat .....

Figure 8 Bandwidth improvement.

In this project, we employed the approach of changing the shape of the patch. During the design process, it was
discovered that two elements had an impact on performance: the horizontal radius (Rx) of the elliptical shapes
and the feeding line width (Wf1). Figures 9 and 10 show the impact on bandwidth and reflection coefficient as
a result of these two factors. Thus, we tried two ways to improve the antenna’s performance: the first method
used Rx = 0.05 and Wf1 = variable and the second method used Rx = variable and Wf1 = 0.33. For both methods,
a noticeable improvement in terms of bandwidth occurred. We note that we chose four positions either for Rx
or for Wf1, which describe well the behavior of the antenna in terms of bandwidth: the antenna impedance
bandwidth begins to change and widen from Wf1 = 0.32 mm and Rx = 0.03 mm for the first and second methods,
respectively; at Wfl = 0.33 mm and Rx = 0.05 mm, it achieved a wider bandwidth of 15.83 GHz, ranging from
79.7 t0 95.6 GHz (S-parameter less than -10 dB) and became a dual band instead of a triple band; for the second
method, particularly at Rx = 0.07 mm, the lowest reflection coefficient of the antenna was -65 dB.
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When comparing the two methods, we can see that the antenna kept the same frequency band intervals with
approximately the same resonant frequencies: 63.2 GHz and 91.5 GHz for the second stage and 61.3 GHz, 73.25
GHz, and 87.7 GHz for the first stage, so there was no notable shift in frequency bands or even in resonant
frequencies. The only difference was in the reflection coefficient. For the second method, the antenna had
better results in terms of reflection coefficient (-65 dB) for Rx = 0.07 mm than for Rx = 0.05 mm (-47.52 dB), but
a relative decrease in realized gain occurred (see Figure 11), 12.50 dB for Rx = 0.07 mm, and 12.55 dB for Rx =
0.05 mm. It was in this observation that the choice of the geometry of the antenna rested. Based on the findings,
we conclude that by adjusting or properly selecting the antenna shape, the bandwidth and reflection coefficient
can be reduced and increased.

We also note that any change in Rx or Wf1 leads to a small shift in resonant frequency, but it is not significant.
Because we are interested in the gain value, Rx and Wf1 for the design were set to 0.05 mm and 0.33 mm,
respectively, as can be seen in Figure 11. By comparing the two methods (see Figure 11), we aimed to maximize
the gain and efficiency as much as possible, even if the improvement was a little smaller than expected. Figure
12 depicts the curve produced by the variation of gain and efficiency as a function of frequency. The finalized
design of the proposed antenna is deemed to have promising operating characteristics. The realized gain
reached a high value of 12.56 dB, as did the efficiency at 94% (Figure 12) and the maximum directivity at 13.11
dBi (Figure 13), all of which were reached at a resonant frequency of 91.5 GHz, which is part of the well-known
frequency range between 70 and100 GHz. Referring to Figure 9 or Figure 10, we note that the transition between
both stages led to the exclusion of a frequency band (Figure 4, points 4 and 5), so the antenna became dual-
band instead of triple-band. The resulting frequency bands were those corresponding to resonant frequencies
of 63.2 GHz and 91.5 GHz.
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Figure 9 Reflection coefficient for the first
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Figure 10 Reflection coefficient for the second
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Figure 11 Gain comparison for the second method.

In Figure 12, we can distinguish these two frequency bands. At the frequency band (63.2 GHz), the antenna had
a reflection coefficient of -21.18 dB; the average values of realized gain and radiation efficiency over this band
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were about 7.4 dB and 89%, respectively; the antenna achieved a maximum gain of 7.80 dB and a maximum
directivity of 8.75 dBi at 62.5 GHz. At the frequency band (91.5 GHz), it has a reflection coefficient of -47.52 dB;
the average realized gain and radiation efficiency over this band were 9 dB and 92%, respectively. It was in this
frequency band that the antenna achieved its maximum gain of 12.56 dB and its maximum directivity of 13.11
dBi, exactly at the resonant frequency of 91.5 GHz. When compared to the 63.2 GHz frequency band, the
antenna’s strong performance at 91.5 GHz is remarkable.
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Figure 12 Realized gain and radiation efficiency.

The 2D radiation pattern plot of the proposed antenna at resonant frequencies of 63.2 GHz and 91.5 GHz is
shown in Figure 13. What we can deduce from this figure is that the proposed antenna has excellent
characteristics at 91.5 GHz, including a half power bandwidth (HPBW) or angular width (3 dB) of 21.6° in the H-
plane and a main lobe magnitude (MLM) of 12.6 dB in the E-plane. As shown in Table 3, the resonant frequency
of 63.2 GHz has a high side lobe level (SLL) of -0.6 dB and a main lobe magnitude (MLM) of 7.24 dB in the E-
plane, but it is more directive in the H-plane with a half power bandwidth (HPBW) of 29.8° and has a low side
lobe level (SLL) of -4 dB. The comparison excludes the main lobe direction (MLD). Figure 14 depicts a three-
dimensional plot of the proposed antenna’s directivity radiation at 63.2 GHz and 91.5 GHz. The antenna radiated
in the upper mid-sphere, roughly in the direction of the z-axis, and it recorded a high directivity at 91.5 GHz,
13.11 dBi, as shown in Figure 14 (b). With an angular width of 21.6° and 34.2° in the H-plane and E-plane,
respectively, it was more directive than the one in the first stage at 87.7 GHz, which had a directivity of
approximately 8,67 dBi, and an angular width (3 dB) of 45.3° in the E-plane, as shown in Table 3. It can also be
seen from Table 3 that the final obtained antenna featured very strong radiation characteristics at 91.5 GHz,
including high directivity (Figure 14) of 21.6 ° in the H-plane, a main lobe magnitude of 12.6 dB and a low side
lobe level of -6 dB in the E-plane. All of the collected antenna parameter findings, including the radiation
characteristics, are shown in Table 4.
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Figure 13 Realized gain radiation: (a) H-magnetic field plane, (b) E-electric field plane.
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Figure 14 3D directivity radiation at: (a) 63.2 GHz, (b) 91.5 GHz.

Table 3 Radiation results throughout both stages.

. Resonant MLM MLD HPBW SLL
Design Freq (GHz) Plane (dB) (Degree) (Degree) (dB)
Single 61.3 E 6.05 35 42.6 -2.4
patch H 5.45 36 48 -12.6

73.25 E -1.08 51 96.4 -2.2

H 1.64 42 64.8 -12.4

87.7 E 8.71 57 453 -3.9

H 4.14 0 132.9 -8.4

2x1 63.2 E 8.42 47 41.4 -0.6
Element H 4.62 46 29.8 -4.5
array 91.5 E 12.6 67 34.2 -6
H 5.73 4 21.6 -2.6

The fact that such a small antenna (14 mm x 9 mm) can achieve such a high directivity value is a significant
advantage, and it addresses an obstacle for researchers, because few antenna designs possessing such a
compact size can achieve a directivity value greater than 10 dBi. Imagine increasing the number of patches by
the array configuration (2 x 2 and 4 x 4) — what will then be the realized gain? The array arrangement of patches
provides a significant boost in realized gain of more than 4 dB (see Figure 16), as well as improved directivity
and efficiency. In Figure 15, the total antenna efficiency is always less than the antenna’s radiation efficiency. In
other words, the radiation efficiency is the same as the total antenna efficiency if there is no loss due to
impedance mismatch. As can be seen in Figures 15 and 16, the array configuration of patches significantly
improves efficiency, directivity, and realized gain. From the findings listed in Table 4, by examining the
parameters at 87.7 GHz (first stage) and 91.5 GHz (second stage)separately, when compared to those of the
other frequency bands in the same stage, we deduce that the proposed antenna must be designed to operate
in the region of frequencies around 90 GHz, as the high reflection coefficient indicates more radiated power
(Figures 4, 9, and 10). On the other hand, the impedance matching is described by the close proximity of the two
curves (radiation and total efficiency) around 90 GHz for both stages. The wide realized bandwidth (15.83 GHz),
especially at 91.5 GHz, is due to the adopted approach of altering the form of the patch or the main feed line
width during the design optimization in the second stage. This bandwidth was 1.4 times bigger than that realized
in the first stage at 87.7 GHz.
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Figure 16 Realized gain and directivity as a function of frequency for the single patch and 2 x 1 array antennas.

The increase in gain and bandwidth was mostly attributable to the optimal values of several design factors. As
previously stated in relation to the part that significantly affects the radiation characteristics, i.e., gain and
efficiency, in this context it is necessary to investigate the effects of important design factors on the resonance
performance of the proposed antenna. Figures 17(a) and(b) depict the reasoning behind the use of stubs and
elliptic-shaped sides in greater detail. Figure 17 shows that the elliptic-shaped lateral edges on both sides of the
patch are the primary factors in antenna performance or radiating power; this is translated by the amount of
current present on the surface of the patch. As can be observed, current flows are more dominant and
concentrated near the stated spots. In addition to the major role of the elliptic-shaped lateral edges in radiating
at 87.7 GHz, 61.3 GHz, and 63.2 GHz, the horizontal stubs in the front and back of the patch at 91.5 GHz, 87.7
GHz, and 73.25 GHz, as shown in Figures 17(a) and (b), also contribute to radiating, but a little less.

The stubs are important in the proposed antenna’s multiband behavior, as they perturb the current distribution
on the patch and change the coupling between the patch and the ground plane; they also create additional
current paths that change the direction of the surface current flow along the radiating patch. They have the role
of giving the antenna multiband behavior and improving the bandwidth, as mentioned in the introduction. When
we observe the scale of the current flow, we find that the current density at the level of the antenna with a
single patch is higher than that of the 2 x 1 array antenna. This is due to the presence of the power divider feed
network; on the other hand, the volume of radiation increases, which confirms the advantage of using an array
configuration.
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Figure 17 Current density with the (a) single-patch and(b) 2 x 1 array antenna.

Table 4 Simulated results comparison.

. Resonant Frequency Realized Gain BW Radiation Directivity
D 11(dB
esign (GHz) (dB) SIUAB) " GHz)  Efficiency% (dBi)
. 61.3 5.55 -20 1.66 83.2 6.75
Single
ateh 73.25 5.67 -17 6.13 81 7.05
P 87.7 7.92 -27 6.47 91 8.67
2x1 63.2 7.3 -21.18 1.33 88 8.38
element
91.5 12.56 -47.52 15.83 94 13.11
array

To assess the performance of the proposed 1 x 2 array antenna, we compared it to some recent works covering
a wide range of frequency bands. Table 5 presents this comparison. In addition to its small size and simple
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manufacturing, the proposed antenna performs better than the other works in terms of realized gain and return
loss. Except for [58], its considerable bandwidth enables it to be competitive in terms of bandwidth. The
proposed antenna is suitable for many millimeter-wave wireless applications because of the aforementioned
characteristics.

Table 5 Comparison with some recent works.

Compared Resonant Freq Realized S11(dB) BW TotandRad Size (mm?) Design
Work (GHz) Gain (dB) (GHz) Efficiency % Type Complexity
[56] 60.08 7.12 -26.08 3.52 75.5 tot.eff . 10.7>4 Relatively easy

Single patch
33.5x8 .
[57] 60 11.4 -12.23 1 - Single patch Relatively complex
33.5x8
- <
[47] 62.5 11.2 7.36 <0.5 96. rad.eff Array 2 x 1 Complex
40 x 10
[43] 61 10.1 -38 10 - Array 2 x 1 Complex
(58] 60 7.92 -16 42 95 rad.eff 15.5x6 Eas
80 7.18 -18 20 85 rad.eff Array 2 x 1 y
14 x 13
[59] 60 8.2 -47 6 - Array 2 x 2 Complex
77 11.5 -25 2 - 5.2x19
[60] 65 7 28 1 - Array 8 x 2 Complex
24 x6
[61] 54 12.1 -18 1.3 93 rad.eff Array 4 x 1 Easy
This work 63.2 7.33 -21.18 1.33 80 Tot.eff 9x14 Eas
91.5 12.56 -41.52 15.83 88 Tot.eff Array2x1 Y
Conclusion

The basic realities represented by bandwidth shortages at lower frequencies, high-speed communication needs,
and the unimaginable data amounts of several devices are the reasons that led us to present this work. The
paper proposed a miniaturized 2 x 1 patch array antenna for millimeter-wave applications operating at the 91.5
GHz and 63.2 GHz bands. The proposed antenna has a high gain of 12.56 dB with a radiation efficiency of 94
percent, an ultra-wide bandwidth of 15.83 GHz, and a return loss of -47.52 dB in the 91.5 GHz frequency band.
Few such incredibly tiny, innovative dual-band antennas with remarkable results have been published in the
literature to date. The next task is to design 2 x 2 and 4 x 4 antenna arrays, with which we expect to further
enhance bandwidth, efficiency, and gain.
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