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Abstract: This text proposes a Vivaldi structure array antenna, using a power divider structure. The
composition includes an antenna array with four antennas, suitable for a wideband array structure
antenna in the 100 GHz frequency band. The goal is to address the challenges faced by monolithic
systems in modern wireless communications, particularly the issue of the inapplicability of antennas
on silicon substrates. The Vivaldi antenna was chosen for its wide bandwidth, high efficiency,
and stable radiation pattern. It combines the characteristics of a wide scanning angle and ultra-
wide bandwidth. Through integration with CMOS technology, the developed antenna achieved a
bandwidth of 85.47–102.40 GHz. The peak gain reached −4 dBi, corresponding to a bandwidth of
17.7%. And the antenna volume was only 1.2 mm × 1.2 mm, demonstrating its immense potential in
high-frequency wireless applications.
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1. Introduction

In the current era, there is considerable demand for high-speed communications [1–6].
With the emergence of microstrip structures and the growing demand for lightweight and
compact structures [7,8], Vivaldi commonly features a gradually narrowing slot design.
Initially introduced by Gibson in 1979, the Vivaldi was further refined by Gazit. The
Vivaldi operates over a wide bandwidth, offering high efficiency and a consistent radiation
pattern as a travelling-wave [2,9]. Vivaldi has attracted attention due to its array featuring
a wide scanning angle and ultra-wide bandwidth [10]. Recently, the frequency band from
30 to 300 GHz has been considered the key to addressing the data explosion in 5G/6G
systems [11,12].

The advantage of the Vivaldi antenna lies in its extremely wide bandwidth. Success-
fully designed Vivaldi antennas are widely used in wireless communication systems, radar,
telescopes, remote sensing systems, satellite communications, and more. This is due to
its stable performance characteristics, wide bandwidth, and high directivity. This allows
for it to deliver optimal performance over a wide range of frequencies. It can be adjusted
according to specific application requirements [2,7,8,13]. For instance, in wireless communi-
cation systems, to examine the composition of soil beneath the surface, ground-penetrating
radar must send high-power pulses into the earth. To achieve deeper signal penetration
and higher resolution, ground-penetrating radar antennas are required to operate in lower
frequency bands, featuring high gain and ultra-wide bandwidth [9]. Vivaldi is a type of
continuously scaled antenna, utilised in wideband wireless communication due to its large
bandwidth and small lateral aperture among other prominent features [8]. The Vivaldi
antenna has a compact footprint and features lower power consumption and complex-
ity [2,12]. While there are other types of wideband antennas, the Vivaldi antenna has
advantages over others in terms of weight, cost, end-fire radiation, and scanning angle
capabilities, particularly in the simplicity of integrating the system [8,12,14]. However, in
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systems such as radar, communication, and various electronic devices, space is often at a
premium. It is necessary to keep the spacing between antenna units to a minimum.

The operational principle of the Vivaldi antenna often leads to significant mutual
coupling among neighbouring elements, primarily due to space-wave coupling. It can
lead to adverse consequences, such as reduced antenna efficiency and inaccurate radiation
patterns [12]. However, to enhance the gain of the antenna, researchers have proposed
various methods. Among them, antenna arrays, etched grooves, and techniques such as
dielectric lenses have gained widespread use. Typically, antenna arrays can significantly
improve gain but require consideration of coupling and power distribution, making the
design complex. Additionally, creating slots in the antenna can decrease its operating
frequency and enhance its gain, yet this measure reduces the antenna’s directivity. Adding
a high dielectric constant to the antenna enables it to reliably boost its gain, although the
extent of improvement is confined [9]. To achieve high performance, one often overlooks
the miniaturisation in systems for communication. Therefore, researching small-sized,
wideband, high-gain antennas is extremely important [15–17].

As mentioned, the Vivaldi antenna has a very wide bandwidth and can be adjusted
according to specific application requirements, thereby offering optimal performance across
a broad frequency range. Reference [7] employs a Vivaldi antenna array, phase switching,
and an IC receiver for wireless broadband reception in 5G, achieving a gain of 8–13 dB,
with a power consumption of 22.8 mV at 2 GHz. Reference [7] aims to increase the gain
by using a decoupled director in a tapered slot. Around the slot, two symmetric sets of
rectangular slits have been introduced to enhance the impedance matching. Consequently,
the reflection coefficient (S11) is maintained below −12 dB across 1–4 GHz, achieving a
gain between 4.9 and 11.6 dBi, and even hitting 11.6 dBi within the 8–28 GHz range.

In this study, we introduce a design for an array, using Vivaldi antennas to provide
the wide bandwidth and gain for 5G mobile phones [18]. Inherently, Vivaldi antennas have
resistance tolerances in circuit manufacturing thanks to their wideband and high-gain traits.
Hence, during the production process, its realisation is not more complex than that of Yagi
antennas or dipole antennas [11]. In other words, the Vivaldi antenna exhibits a significant
tolerance for smartphones.

Based on the results from simulations and measurements, the antenna in question is
deemed appropriate for use on 5G mobile devices. The compact Vivaldi antenna, utilising
W-band chips with standard 0.18 µm CMOS fabrication technology, has dimensions of
1200 µm × 1200 µm. The frequency range covered is from 85 to 102 GHz [19]. Utilising the
Vivaldi antenna as a power divider, the antenna is then manufactured on a CMOS 0.18 µm
process for the second part, where structural modifications are made to enhance the lower
operating frequencies. A parameter analysis is performed to examine the interplay between
the cavity and the antenna, with the aim of identifying the optimal performance for the
antenna [20–23]. Additionally, parameter studies are conducted to evaluate the influence of
critical parameters on the performance of the Vivaldi [16,18]. The third part describes the
evolution process of the Vivaldi antenna, while the fourth part discusses the final results
obtained as well as the measurement results [14]. The results of the simulations show that
this symmetric Vivaldi antenna fulfils the standard needs of mobile applications [11].

2. Design of Antenna
2.1. Geometry of the Antenna

The initial geometric structure of the Vivaldi, shown in Figure 1a,b, adopts the 0.18 µm
CMOS process, with dimensions of 1200 µm × 1200 µm × 533.4 µm, detailed dimensions
are shown in Table 1. It is made up of approximately 1/4 elliptical structures. For achieving
excellent impedance matching over a very broad bandwidth, a 50-ohm microstrip line
accompanied by a grounded plane serves as the feed for the antenna. To further improve
the impedance matching at lower frequencies, small elliptical cuts are used beneath each
individual Vivaldi antenna. Slots are incorporated within the antenna design to ensure
compliance with the process area, in line with the manufacturing process. Due to the
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lower gain of chip antennas, this article designs a power divider to achieve high gain
with a 1 × 4 array antenna configuration. In response to the losses associated with the
implementation of the antenna on a chip, the proposed Vivaldi antenna is manufactured
using a 0.18 µm CMOS process. The Vivaldi has six layers of silicon dioxide (M1–M6) as the
top metal layers, Figure 1c, along with Metal1 to Metal6, integrated with a silicon substrate.
The silicon substrate has a thickness of 500 µm. The top metal layer Metal6 is designated as
the layer, having a thickness of 2.34 µm.
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Figure 1. Side and top view of the Vivaldi. (a) Vivaldi side view; (b) Vivaldi top view; and (c) CMOS
0.18 µm process stack used.

Table 1. Detail parameter. (Unit: µm).

Length Value Width Value

L1 600 W1 210
L2 225 W2 125
L3 274 W3 10
L4 125 W4 14
L5 260 W5 14
L6 1200 W6 10
L7 200 W7 5

Equation (1) below defines the curve of the slot index.

y = C1edx + C2 (1)
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C1 = 0.185, d = 0.150, and C2 = 0.230. (The slot factor curve of an antenna is a graph
used to describe how the performance of the antenna changes with variations in its shape
and size.) The antenna elliptical curve E3 is defined by the following Equation (2).

E3 :
x2

a2
+

y2

b2
= 1 (2)

From Figure 2, it is observed that when the frequency is 85.47 GHz, the reflection
coefficient is below −10 dB. The applicable frequency range is 85.47–102.36 GHz. At a
frequency of 95.5 GHz, the deepest point of the return loss is −23.60 dB. The overall
bandwidth where the return loss is below −10 dB is 16.89 GHz.
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Figure 2. S-parameters of the Vivaldi antenna.

2.2. Antenna Design

The progression of the antenna design process is clearly illustrated, as shown in
Figure 3a. The antenna (Type 1) is the original symmetric Vivaldi antenna, utilising a
rectangular and 50 Ω feedline. For the antenna (Type 2), a small elliptical cut is employed
in the feed-in position of the antenna. The antenna (Type 3) incorporates elliptical arc-
shaped structures to cut the antenna (Type 2), while the antenna (Type 4) is composed
of approximately 1/4 elliptical structures for cutting. Both antennas are proposed in this
paper. Figure 3b shows a stacked plot comparison of the reflection coefficient during the
Vivaldi evolution. The antenna (Type 1) is analysed using a rectangular shape. When the
rectangular dimensions are 275 × 210 µm, from the analysis graph, it can be observed
that at a frequency of 80.42 GHz, the return loss is below −10 dB. The usable frequency
range is 80.42–95.63 GHz. At a frequency of 88 GHz, the deepest point of the return loss is
−26.144 dB. The overall bandwidth where the return loss is below −10 dB is 15.21 GHz. A
small elliptical cut, with a radius of 125 µm, is utilised from the feed-in point to enhance the
antenna bandwidth (Type 2). Following this modification, the simulations are carried out.

From the analysis graph of the simulation results, it can be observed that at a frequency
of 81.61 GHz, the return loss is below −10 dB. This represents an increase of 2.21 GHz
compared to the rectangular shape. Furthermore, the maximum frequency value has
increased from 95.63 to 98.69 GHz. The usable frequency range is from 82.63 to 98.69 GHz,
which is an increase of 0.85 GHz in bandwidth compared to before the cut. At a frequency
of 91 GHz, the deepest point of the return loss is −20.98 dB. The overall bandwidth where
the return loss is below −10 dB is 16.06 GHz. The antenna (Type 3) involves cutting antenna
(Type 2) with arc-shaped elliptical structures, followed by simulations. From the analysis
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graph of the simulation results, it can be observed that at a frequency of 82.67 GHz, the
return loss is below −10 dB. This represents an increase of 1.03 GHz compared to the
rectangular shape. Additionally, the maximum frequency value has increased from 98.69 to
100.36 GHz. The usable frequency range is from 83.67 to 100.36 GHz, which is an increase of
0.63 GHz in bandwidth compared to before the cut. At a frequency of 93 GHz, the deepest
point of the return loss is −26.12 dB. The overall bandwidth where the return loss is below
−10 dB is 16.69 GHz. The antenna (Type 4), which is the antenna structure proposed in
this paper, is composed of approximately 1/4 elliptical structures with a radius of 325 µm.
After the cut, the simulations are conducted. From the analysis graph of the simulation
results, it can be observed that at a frequency of 85.47 GHz, the return loss is below −10 dB.
The maximum frequency value has increased from 100.36 to 102.36 GHz, resulting in an
additional bandwidth of 2 GHz compared to before the cut. The usable frequency range is
from 85.47 to 102.36 GHz. The area is smaller than before the cut, and the bandwidth is
wider. At a frequency of 95.5 GHz, the deepest point of the return loss is −23.60 dB. The
overall bandwidth where the return loss is below −10 dB is 16.89 GHz.
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2.3. Antenna Parameterisation Process

Figure 3 confirms the approximate coefficients of the Vivaldi antenna in this paper.
Using electromagnetic simulation software to integrate the Vivaldi, the gain of the array is
enhanced in a confined space. Antennas should be placed as closely together as feasible.

However, if the spacing between antennas is excessively narrow, the overall isolation
of the antennas deteriorates, resulting in a reduction in the performance of the antenna
array. A parameter analysis is carried out on the W1 and L1 dimensions of the antenna to
determine the impact of the radiating element’s size on its performance, aiming to identify
the optimal antenna length. This approach also allows for the study of the interplay
between the cavity and the antenna, as well as the search for the optimal performance of
the antenna [12,16,18].

Firstly, a parameter analysis is conducted on the radiating element of a single antenna,
as shown in Figure 4a. In Figure 4b, when L2 = 217 µm, S11 is below −10 dB at 114.63 GHz,
the deepest point being −11.63 dB, and the bandwidth is from 114.63 to 124.03 GHz. When
L2 = 221 µm, S11 is below −10 dB at 115.27 GHz, the deepest point being −11.22 dB,
and the bandwidth is 115.27–123.52 GHz. When L2 = 225 µm, S11 is below −10 dB at
113.43 GHz, with the deepest point being −12.28 dB, and the bandwidth is from 113.43
to 124.67 GHz. Therefore, after the parameter analysis, when the length of the radiating
element L2 is 225 µm, the bandwidth is the widest and the reflection coefficient has the
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lowest value. Furthermore, the parameter analysis is performed on W1 as shown in
Figure 4a. In Figure 5b, when W1 = 192 µm, S11 is below −10 dB at 116.11 GHz, the
deepest point being −12.5 dB, and the bandwidth is from 116.11 to 125.82 GHz. When
W1 = 206 µm, S11 is below −10 dB at 115.76 GHz, with the deepest point being −12.02 dB,
and the bandwidth is from 115.76 to 125.79 GHz. When W1 = 220 µm, S11 is below
−10 dB at 112.72 GHz, with the deepest point being −13.04 dB, and the bandwidth is
112.72–124.66 GHz. Therefore, after the parameter analysis, when the width of the radiating
element W1 is 220 µm, the bandwidth is the widest and the reflection coefficient has the
lowest value [21].
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To ensure that the antenna impedance matching performance meets the required
standards, a parametric analysis was performed on the W7 part of the power divider,
Figure 6a. Figure 6b shows the results of the S11 parameter analysis, while Figure 7a shows
the results of the S21 one, and Figure 7b shows the S31 parameter analyses. The results
indicate that S21 and S31 exhibit no significant differences, as both are −3.5 dB. However,
when W7 = 5 µm, S11 has the deepest resonance point at 78 GHz, with a value of −30.8 dB.
Therefore, W7 = 5 µm is chosen as the design parameter for the power divider.
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Next, the Vivaldi antenna array is configured in a 1 × 2 format and then the parameter
analysis is performed on the radiating elements of the antenna, as shown in Figure 8a.
In Figure 8b, when W4 = 22 µm, S11 is below −10 dB at 93.21 GHz, with the deepest
point being −33.24 dB, and the bandwidth is 93.21–113.67 GHz. When W4 = 18 µm, S11 is
below −10 dB at 84.73 GHz, with the deepest point being −25.07 dB, and the bandwidth is
84.73–102.15 GHz. When W4 = 14 µm, S11 is below −10 dB at 89.92 GHz, with the deepest
point being −37.1 dB, and the bandwidth is from 89.92 to 109.72 GHz. From the results in
Figure 7, when the width of the radiating element W4 is 14 µm, the bandwidth is the widest
and the reflection coefficient has the lowest value. Therefore, the results of the S-parameter
analysis for W4 = 14 µm are adopted as the width of W4 for the antenna in this paper.

Similarly, a parameter analysis is performed on the radiating elements of a 1 × 2 Vi-
valdi, as shown in Figure 9a. In Figure 9b, when W7 = 15 µm, S11 is below −10 dB at
89.81 GHz, the deepest point being −17.16 dB, and the bandwidth is 89.81–103.49 GHz.
When W7 = 10 µm, S11 is below −10 dB at 87.21 GHz, with the deepest point being
−20.13 dB, and the bandwidth is from 87.21 to 102.84 GHz. When W7 = 5 µm, S11 is
below −10 dB at 86.12 GHz, with the deepest point being −21.34 dB, and the bandwidth is
85.47–102.40 GHz. From the results in Figure 8, when the width of the radiating element
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W7 is 5 µm, the bandwidth is the widest and the return loss has the lowest value. Therefore,
the results of the S-parameter analysis for W7 = 5 µm are adopted as the width of W7 for
the antenna in this paper.
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Next, a parameter analysis is conducted on the radiating elements of the 1 × 4 Vivaldi
antenna, as shown in Figure 10a. In Figure 10b, when W5 = 22 µm, S11 remains above
−10 dB for all frequency bands. When W5 = 18 µm, S11 is below −10 dB at 109.85 GHz, with
the deepest point −11.56 dB, and the bandwidth is 109.85–128.92 GHz. When W5 = 14 µm,
S11 is below −10 dB at 108.47 GHz, with the deepest point being −12.51 dB, and the
bandwidth is from 108.47 to 128.88 GHz. From the results in Figure 9, when the width of
the radiating element W5 is 14 µm, the bandwidth is the widest and the return loss has the
lowest value. Therefore, the results of the S-parameter analysis for W5 = 14 µm are adopted
as the width of W5 for the antenna in this article.
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Figure 10. (a) The diagram of W5’s location; (b) S-parameter simulation of W5.

Similarly, a parameter analysis is conducted on the radiating elements of the 1 × 4 Vivaldi,
as shown in Figure 11a. In Figure 11b, when W3 = 15 µm, S11 remains above −10 dB for
all frequency bands. When W3 = 10 µm, S11 remains above −10 dB for all frequency
bands. When W3 = 5 µm, S11 is below −10 dB at 80.12 GHz, with the deepest point being
−10.36 dB, and the bandwidth is 80.12–127.56 GHz. From the results in Figure 10, when the
width of the radiating element W3 is 5 µm, the bandwidth is the widest and the reflection
coefficient has the lowest value. Although, when W3 is 18 µm, the bandwidth is wider than
at 14 µm, it is not within the designed frequency band for this application. Therefore, the
S-parameter of the analysis results for W3 = 5 µm are adopted as the width of W7 for the
antenna in this paper.
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Finally, the Vivaldi antenna array is configured in a 1 × 4 format, and a parameter
analysis is conducted on the radiating elements, Figure 12a, of the antenna. In Figure 12b,
when W5 = 22 µm, S11 is below −10 dB at 88.64 GHz, the deepest point being −16.91 dB,
and the bandwidth is 88.64–102.71 GHz. When W5 = 18 µm, S11 is below −10 dB at
87.02 GHz, the deepest point being −30.50 dB, and the bandwidth is 87.02–103.28 GHz.
When W5 = 14 µm, S11 is below −10 dB at 86.65 GHz, with the deepest point being
−48.61 dB, and the bandwidth is from 86.65 to 103.13 GHz. From the results in Figure 11,
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it can be observed that when the width of the feeding transmission line is 14 µm, the
bandwidth is the widest, the deepest point is reached, and the frequency range matches
the desired range for this design. Therefore, the results of the S-parameter analysis for
W5 = 14 µm are adopted as the width of W5.
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Similarly, a parameter analysis is conducted on the radiating elements of the power
divider, Figure 13a. In Figure 13b, when W7 = 15 µm, S11 is below −10 dB at 89.92 GHz,
with the deepest point being −33.24 dB, and the bandwidth is 89.92–109.72 GHz. When
W7 = 10 µm, S11 is below −10 dB at 84.73 GHz, with the deepest point being −30.50 dB,
and the bandwidth is from 84.73 to 102.15 GHz. When W7 = 5 µm, S11 is below −10 dB
at 93.21 GHz, the deepest point being −36.93 dB, and the bandwidth is 93.21–113.67 GHz.
From the simulation results in Figure 12, it can be observed that when the power divider
width of the feeding transmission line is 5 µm, the bandwidth is the widest, the deep-
est point is reached, and the frequency range matches the desired range for this design.
Therefore, the results of the S-parameter analysis for W7 = 5 µm are adopted as the width
of W7.
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Finally, because this design uses the CMOS 0.18 µm process, it is necessary to create slots
in the antenna section to comply with the process specifications, Figure 14a. It can be observed
from the results that there is no significant difference with or without slots, Figure 14b.
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3. Antenna Simulation and Measurement
3.1. Simulation and Measurement Results

It is well known that the return loss is a critical indicator for evaluating the impedance
matching between an antenna or transmission line and its load. Ideally, one wants the
impedance of the antenna or transmission line to be perfectly matched with the impedance
of its load. This maximises the transmission efficiency of the power and reduces the
energy losses. If there is an impedance mismatch, more energy will be reflected back,
leading to decreased efficiency as it returns in the form of reflected waves. The current
distribution diagram for the Vivaldi antenna at different frequencies is shown in Figure 15,
while Figure 16 shows the overlay of the simulated and measured responses of the Vivaldi
antenna. Throughout the entire X-band, the observations indicate that the return loss
measured falls below −10 dB. It is worth noting that minor manufacturing tolerances
are inevitable. In practical measurements, passive antennas need to be terminated with
a 50-ohm load, while active antennas are fed power. The observations reveal that the
simulation and measured gain of the Vivaldi antenna exhibit good consistency. However,
minor fluctuations at certain frequency points may be attributed to impedance matching
or the effects of the GSG connectors used in the measurements. Overall, the measurement
results are nearly identical to the simulated ones.
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3.2. Gain and Measurement

The gain of a chip antenna is an important indicator of its performance. A high-gain
antenna can concentrate more energy in a specific direction, thereby achieving a greater
communication distance. However, increasing directionality may reduce coverage in other
directions. Figure 17 shows the gain plot, with a peak gain of −4 dBi at 98 GHz. Figure 18
illustrates the gain pattern of the antenna on different surfaces, while Figure 19 provides
a 3D representation of the gain pattern, indicating a gain of −4.5 dBi. Figure 20 shows a
microscopic image of the antenna during the measurement, with visible GSG markings.
Figure 21 shows the measurement setup, covering the range 70–140 GHz and utilising the
GSG probe.
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Table 2 presents a comparison between the antenna proposed in this study and various
other types of antennas on the chip. Due to the wide bandwidth characteristics of the
Vivaldi antenna, it outperforms [5,6,17,19,24] in terms of bandwidth. Additionally, in terms
of the Vivaldi antenna size, the one proposed in this document measures 1.2 × 1.2 mm,
showing no significant difference from other types of antennas.

Table 2. Comparison with Other Antennas.

References Antenna Type * FBW (GHz) Size (mm2) Process

[5] Monolithically
Integrated antennas 77–87 1.296 × 1.508

0.13 µm
SiGe

BiCMOS

[6] (SNIR) antenna 57.24–65.88 N/A
Switching the

directive beams
of the arrays

[24] System on chip 93–95 N/A CMOS

[17] Trough-polymer
Via technology 120–124.3 0.94 × 1.45 SiGe BiCMOS

[19] Yagi antenna 57.6–67 0.74 × 1.14 Glass substrate

This work Vivaldi antenna 85.47–102.4 1.2 × 1.2 0.18 µm CMOS
* FBW = fractional bandwidth.

4. Discussion

Due to silicon’s higher conductivity, this may adversely affect the radiation perfor-
mance of the antenna, especially in typical six-metal-layer CMOS processes. Such process
structures can lead to a decrease in antenna efficiency due to the coupling effects between
the antenna and the silicon substrate, as well as the conductivity of the substrate, causing
energy losses. In this work, a wideband Vivaldi antenna suitable for the 100 GHz frequency
band is proposed. Vivaldi antennas are renowned for their superior wideband characteris-
tics, high efficiency, and travelling wave properties with stable radiation patterns, making
them highly suitable for high-frequency applications. The Vivaldi antenna in this paper em-
ploys an array structure that not only enhances the antenna’s directivity of the antenna but
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also extends the scanning angles and bandwidth through the array design. The proposed
CMOS Vivaldi antenna achieves a wide bandwidth of 16.93 GHz within the frequency
range of 85.47–102.40 GHz, accounting for 17.7% of the entire band. The overall volume
of the antenna is tightly controlled within a compact space of 1.2 × 1.2 mm. With a peak
gain of −4 dBi, this represents a significant achievement considering the antenna’s size,
especially given its operation in the high-frequency millimetre-wave band. This antenna
finds wide-ranging applications in wireless communications, particularly in future 5G/6G
high-frequency communications, satellite communication, long-range radar sensing, and
other millimetre-wave applications.
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