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ABSTRACT This paper presents the design of fully metallic 3D Vivaldi antenna that can be used for
wireless power transmission applications. The 3D antenna consists of 1) a tapered profile, 2) a rectangular
cavity, and 3) a horizontal slot cut that is used as a transition between the cavity and the tapered profile.
The proposed antenna design is fabricated using two distinct approaches, the first of which is a 3D metal
additive manufacturing (AM scheme) with a sequential material layer addition technique. The second
version is based on the CNC milling (CNCM) technique implemented by selectively removing material
in a controlled way. The measured gain of the AM and CNCA-based 3D Vivaldi antenna is 4.95 dBi,
and 5.70 dBi, respectively. The measured bandwidth (BW) of the AM-based 3D antenna is 4.70 GHz
(fractional BW (FBW) of 52.86%), whereas the CNCM-based 3D antenna is 4.95 GHz (FBW of 56.73%).
Measurement outcomes indicate that the CNCM version of the 3D Vivaldi antenna is ~ 1.2x more effective
than the AM version in terms of realized gain and can be used for metal-based antenna system power
telemetry due to its high gain and wide operational bandwidth capability.

INDEX TERMS All-metal antenna, slot-connected cavity, 3D vivaldi antenna, CNC manufacture, additive

manufacture, wireless power transfer (WPT), wireless power telemetry.

I. INTRODUCTION

N THIS modern era of day-to-day electronics, antennas

play a vital role due to their ability to integrate with
active electronics for efficient wireless communication and
power transfer applications. In recent years, a plethora
of antenna designs have been proposed that facilitate
the trade-offs between bandwidth, polarization purity, high
gain, ultra-wide beam steering, and wireless power transfer
capabilities. For instance, prior works investigated planar
antenna designs, including modular antennas [1], [2], [3],
balanced antipodal Vivaldi array [4], [5], and Bowtie antenna
designs [6], [7], [8]. Designing an antenna with wide oper-
ational bandwidth and a high gain while being compact in
size is a challenging task.

Vivaldi antenna is one such antenna that has the capability
to meet these criteria [9]. Vivaldi antenna designs have

shown good performance with respect to antenna gain while
achieving a highly directional radiation beam [10], [11], [12],
[13], [14]. The wireless power transfer (WPT) system can
be powered by onboard electronic equipment or via control
devices from the ground station. The remotely powered
ground-based system or remotely piloted vehicle (RPV)
requires reliable wireless connection and power telemetry
for control. Several approaches have been proposed for
designing various architectures of the Vivaldi antenna, the
most common of which is the planar version implemented
on a dielectric substrate [15], [16], [17]. Another reason
for the high cost is the complex design using expensive
dielectric substrates such as Roger RT/duroid. Several ways
have been proposed for designing a Vivaldi antenna, but the
most common is a planar structure printed on a dielectric
substrate [18], [19], [20], [21]. Even though antennas
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fabricated using these previously proposed methods have
a high gain and a wide frequency range, they can be
hard to feed and expensive to fabricate, especially when
they are made of solid metal. Although planar antennas
can achieve a compact design, there is always a trade-off
between the gain and the bandwidth [11], [22], [23], [24].
Planar Vivaldi antennas are particularly appealing because
they have the capability to provide a good impedance
match and wide scanning range over a wide range of
bandwidths for phased-array configurations [25]. Moreover,
they exhibit a high degree of cross-polarization and are
relatively thick [26]. Furthermore, they are often fabricated
using expensive, time-consuming procedures such as elec-
trical discharge machining. Dual-polarized Vivaldi antennas
implemented with two orthogonal crossed printed circuit
boards (PCB) provide good radiation performance at a lower
cost [27], [28]. One primary disadvantage of planar Vivaldi
antennas is that they can be relatively difficult to manufacture
and require precision milling or etching processes to achieve
the necessary accuracy and consistency in their design.
This can make them more expensive to produce compared
to other types of antennas, particularly at larger sizes.
Planar antennas, due to their two-dimensional nature, may
encounter limitations in realizing intricate three-dimensional
structures. Achieving the desired performance characteristics,
such as wide bandwidth and high gain, can be particularly
challenging in larger planar antennas, where precision is
crucial, especially when striving for high consistency in
their production. 3D metal printing on the other hand offers
the advantage of directly translating intricate 3D designs
into physical structures with high precision and consis-
tency. This technique can mitigate some of the challenges
associated with traditional planar antenna manufacturing
methods. Additionally, planar Vivaldi antennas may exhibit
some undesirable sidelobe radiation patterns, which can
reduce their overall efficiency and effectiveness in specific
applications. However, these Vivaldi antenna designs are
beneficial for radar and point-to-point communications as
they are highly directional. Usually, horn, dielectric rob,
or Vivaldi antennas are also used in the same applications
area, but they are bulky in structure [27], [29], [30]. Many
researchers have used a dielectric lens as a director to make
the wave more directed, which increases the gain [31], [32].
The gain is greatly improved, but the antenna’s overall length
has increased. Based on several research works related to
microstrip planar antenna designs, it is evident that planar
antennas have poor radiation efficiency, and their gain is low
due to their structural limitations, which are confined to 2D,
unlike 3D antennas. Recently, 3D antennas have emerged as
a solution to compact designs with enhanced antenna gain,
and ultra-wide bandwidth while achieving a highly focused
radiation beam. Some of these designs include dipoles and
slots-based antennas [33], [34], balanced antipodal Vivaldi
array (BAVA) [35], frequency-scaled ultra-wide spectrum
elements (FUSE) [36], and so on. The aforementioned
limitations of planar microstrip antennas have given rise
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FIGURE 1. The proposed 3D Vivaldi antenna and identified different parts equivalent
circuits.

to the development of high-precision 3D printed antennas
using techniques such as additive manufacturing (AM)
and computer numerical control manufacturing (CNCM)
procedures. In particular, fully metallic 3D-printed antennas
offer advantages in terms of precision and design flexibility
for intricate antenna structures, which can result in higher
performance. However, the initial investment in 3D metal
printing equipment and materials may be higher. On the
other hand, the PCB process may be more cost-effective
for simpler antenna designs or larger production runs.
Figure 1 shows the proposed 3D all-metal Vivaldi antenna
and the corresponding equivalent circuit model. The novelty
of this research is the design of a dielectric-free, simple,
and compact 3D Vivaldi antenna, where (a) a tapered flare
is designed based on an exponential equation that creates
an opening in the middle of the antenna structure, which is
directly connected with the slot line and helps in achieving
the wide operational bandwidth, (b) a horizontal tapered cut
in the middle facilitates the air gap from the cavity where
the inner pin of the coaxial feeding connects with the main
antenna part which improves the resonance of the antenna,
(c) cutout a cavity from one half of the antenna is mainly
responsible for the shifting of the resonance towards the
centre frequency, and (d) equivalent circuit of the proposed
antenna is developed, and demonstrates its validity using
simulated performance.

This work presents two cost-effective all-metal 3D antenna
versions that provide high gain, wide operational bandwidth,
and highly directed radiation patterns. The rest of the
paper is organized as follows: a detailed explanation of the
geometrical view and corresponding equivalent circuit model
are depicted in Section II. The two fabricated versions of the
proposed antenna are discussed in Section III. The results and
measurement discussion have been discussed in Section IV.
The conclusion and future works are presented in Section V.
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FIGURE 2. (a) Geometry, and corresponding (b) specification of different parts of
the proposed 3D Vivaldi antenna.

Il. PROPOSED ANTENNA GEOMETRY AND
CORRESPONDING EQUIVALENT CIRCUIT MODEL

A. ANTENNA DESIGN AND ANALYSIS

The detailed geometry of the all-metal 3D antenna, as
shown in Figure 2(a), is fabricated using aluminium metal
based on two different fabrication approaches, such as AM
and CNCM, respectively. The notations of the different
dimensions of the proposed 3D Vivaldi antenna are shown
in Figure 2(a), and the corresponding numerical values are
listed in Table 1. These fabricated 3D Vivaldi antennas are
apt for power telemetry and airborne UWB communications
due to their compactness and high structural strength. The
design parameters of the proposed antennas are shown in
Figure 2(a). As shown in Figure 2(b), the coaxial feeding
technique is used to feed the designed 3D Vivaldi antenna.
The proposed shape can be classified into three categories:
metallic parts (thickness, k), antenna grid parameters (ver-
tical or H-plane spacing, L and horizontal or E-plane
spacing, b), and antenna elementary parameters, which can
be further subdivided into the strip-line transition, the tapered
slot, and the cavity section. The strip-line transition is
directly linked with the cavity portion, and the value of ¢
is used to specify the width of the strip-line transition. The
opening rate R and corresponding exponential taper profile
are designed to define two points P1(y1,z1) and P2(y2, 22)
by using the analytical curve tool of the computer simulation
technology (CST). The exponential curve’s starting and
ending points P (z1,y1) and P> (z2, y2) are expressed using
the line equation of the opening rate (R) [37]. Here y; and
71 are two exponential points for the taper line where (1)
represents the exponential equation.

y = C1ef + ¢y
_ 2 =n
G = eRn — Rz

1 R yzeRZ'

C
2 eRw2 _ oRu

(D

The general solutions to the exponential equations are
represented by the constants C; and C,. The taper height
a is o — z1 and the aperture height g is 2(y> — y;). When
R approaches zero, the exponential taper leads to a linearly
tapered slot antenna (LTSA) in which the slope (Sp) of the

TABLE 1. Optimized dimensions of the different parameters of the 3D Vivaldi
antenna.

| Parameter | Value (mm) | Parameter | Value (mm) |

w 16 Wwh 20
L 21 Ly 20
H 8 H, 8
P 3 q 11.25
l 7 m 1
n 5.60 h 6.65
t 1.25 a 15
b 16 2r 5.5
%
R; £
%

= Co-axial feeding
equivalent circuit

FIGURE 3. Proposed equivalent circuit of the 3D Vivaldi antenna.

taper is constant and expressed as So = (y2 — y1)/(z2 — 21).
As depicted in equation (1), the slope of the exponential
taper varies constantly between S| and S, where S| and S>
are taper slopes at z = z; and at z = 7z, respectively, and at S|
< § <8, for R > 0. The angle of the taper flare is expressed
as = tan~! §y. It is the slope of the taper line. The flare
angles, on the other hand, depend on other parameters, such
as a, b, and ¢, which denoted the height, width, and opening
rate of the tapered slot of the maximum distance between
the two halves of and the 3D antenna, respectively. The
following parameters are related to the strip-line stub and
cavity section, as shown in Figure 2(b). Moreover, ¢ is the
width of the tapered slot line, r is the radius of the coaxial
feeding line, [ is the length of the strip line stub, m is the
height of the strip line stub, n is the length of the slot line
cavity, p is the width of the slot line cavity, X), is the reactive
impedance of the cavity line, X, is the reactive impedance of
the strip line stub, and Xgp is the reactive impedance of the
full ground plane. In this work, the width of the tapered slot
(m) is fixed at 1 mm. The corresponding electrical equivalent
circuit for the reference plane on the strip line is shown in
Figure 3. The total impedance Z7 is the combination of strip
line stub reactance j(X,,) and the cavity reactance j(X),) that
is connected in parallel with the antenna impedance Z4. The
shorting pin of the co-axial port is directly connected to the
top part of the antenna, which creates a parallel connection
between the cavity and the strip line.

B. DESIGN AND ANALYSIS OF THE EQUIVALENT
CIRCUIT OF THE SLOT CONNECTED ANTENNA AND
CORRESPONDING CO-AXIAL FEEDING

The equivalent circuit model is characterized by its intuitive
nature, ease of processing, and minimal computational



S\ [EEE Open Journal of

133 IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION, VOL. 5, NO. 1, FEBRUARY 2024 A Antennas and Propagation

TABLE 2. Optimized parameter of the proposed equivalent circuit.

| Parameter | Value | Parameter | Value

X, 0.25 pF X, 021 pF

Yin 60 O c, 18 pF
Ratio 1:1 A 600 Q

X, 4 pF Ra 47 Q

requirements. The identification of the model’s parameters
is straightforward and well-suited for conducting simulation
tests using circuits. Hence, the use of the equivalent circuit
model is prevalent in actual applications. The equivalent
circuit of the proposed Vivaldi antenna is shown in Figure 3
and the corresponding parameter’s optimized values are
listed in Table 2. The equivalent circuit of the co-axial
feeding is divided by the total reactance via the circuit
model in Figure 3 [38]. The equivalent circuit of the co-
axial feed is parallelly connected between the input and load
sections. Capacitance due to parasitic inductance C, is the
capacitance from the probe barrel to the disconnected plate
caused by higher-order modes, and it is solely dependent
on the probe’s geometry. It is independent of the size and
shape of the Vivaldi antenna. It has a significant impact
on the thickness of the substrate. The value of C, varies
as the substrate thickness varies, which impacts the first
resonant frequency [39], [40]. The radius of the probe and
the substrate thickness have a significant impact on the
parasitic capacitance caused by the zero-order mode, which
is denoted by Cyp. There is no discernible fluctuation effect
of Cp on the resonant frequency or the return loss for the
lower range of frequencies (0.5 to 20 GHz). Investigating
the design evolution in terms of (a) 1¥, (b) 27 and (c) 3
design steps of the proposed 3D antenna, it becomes apparent
that at larger ranges of frequencies (above 20 GHz) which
is not applicable in this work. Different parasitic effects,
such as parasitic inductance caused by a zero-order mode Lo,
work similarly as well. For example, there is no noticeable
influence on the transformer R owing to variations in either
the probe height or plate spacing hl until the effect on the
transformer becomes significant and hence not negligible at
higher frequency ranges. The zero-order parasitic inductance
Ly of the feed probe has a significant effect on both the
return loss and the resonant frequency. There are two major
parameters that need to be investigated in order to understand
how this inductance works. The first is the influence of
the greater probe height i, and the second is the effect
of the outer radius r. Probe height linearly increases the
inductance Ly. Moreover, a longer probe produces a larger
Cp but a smaller Cp in terms of height. The return loss was
further enhanced by the increased values of Ly, Cp, and Cp.
During the simulation, two major issues were identified as
the height of the probe increased. The first is that the return
loss increases significantly in the CST modelling. The second
is that the radiation patterns suffer greatly, as the radiation

pattern deterioration is noticeable in CST simulation with a
major dip on the primary axis ( & = 0° for broadside). The
admittance Yy is indicative of the admittance caused by the
propagating or zero-order mode. For single-element antenna
analysis, Knorr’s equivalent circuit model has been used to
further match the antenna impedance Z4 into a transformer
followed by parallel-connected slot lines terminated by the
cavity slot and the radiating tapered slot [41], [42]. In order
to do an analysis of both the full structure and the strip
line structure without slots, The ground-plane impedance Z7
and the total stub reactance j(X;,+X,) can be determined
by using the method of momentum (MoM) solver in the
CST software. This helps to determine the impedance of
the ground plan. The equivalent circuit model has been
validated by observing that the correct Z4 is computed in
this manner for strip line stubs of various shapes and sizes.
However, this approach has been found to be ineffective
for quantitative analysis of wide-band antennas due to the
significant interaction between the cavity slot and the tapered
slot. The length and width of the rectangular cavity & and p
are varied from 6 to 6.5 mm and 2 to 3 mm to achieve the
antenna’s maximum BW and optimum impedance matching.
A Polytetrafluoroethylene (PTFE) dielectric material with a
2.05 mm radius and 24.5 mm length is directly connected
with the part of the ground plane and the top structure that
isolates the inner pin from direct contact with the ground
and the other part of the antenna. Long-pin coaxial SMA is
used to feed the antenna part underneath the ground plane.
In order to avoid electrical contact, the dielectric material
(PTFE), which surrounds the inner conductor of the coaxial
cable, is inserted with the inner pin through the lower and
top ridges, as shown in Figure 2(b). In order to prevent
penetration beyond the cavity wall (i.e., forming a height
of 6.65 mm from the slot-line cavity) for a 2 mm -radius
port, the feeding assembly is pressed into position so that
the 0.61 mm radius center pin touches the top part of the
slot. Epoxy is used to connect the top and ground portions
of the fabricated 3D Vivaldi antenna with a long-pin SMA
connector. The slot line structure incorporated in the antenna
design is responsible for achieving the UWB response. In
order to mitigate the back-lobe gratings, the width of the slot
(g) has been optimized according to the highest operating
frequency (1/2) (where A is calculated based on the center
frequency 8.5 GHz). The length of the slot line, R, which
is near A/2, and the metal thickness of approximately A/4
are crucial factors responsible for achieving an ultra-wide
bandwidth.

A sequence of evolutionary stages is depicted in Figure 4
to achieve the ultimate structure. In the first iteration (i.e.,
Figure 4(a)), the antenna features a tapered section whose
growth rate is designed using equation (1), yielding an UWB
—10 dB impedance bandwidth of 7.07 to 10.48 GHz (as
shown in Figure 5 (a) (black curve)), which is quite deficient.
In the second iteration, a horizontal slot is cut from the
tapered hole’s edge, creating an air gap between the main and
ground portions of the 3D antenna. The resulting reflection
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FIGURE 4. Investigated the design evolution in terms of (a) 1%, (b) 2", and (c) 3"
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0
54 -
=-10- TN ]
= o
57 ' (X
2 -20 ] \\ -
£ .25- Step1l . ! i
(,?)-_30_ Step2 \ .

Step3 R

=354} - - - Eqi. Circuit 1

-40

4 5 6 7 8 9 10 11
Frequency (GHz)

Gain (dBi)
oavcbhdiobbhbonas
Gain (dBi)

Step3

FIGURE 5. The reflection coefficient over the frequency for (a) different design
steps and equivalent circuit, and (b) the corresponding radiation pattern.

coefficient is depicted in Figure 5(a) (purple curve). As can
be seen, the value of the reflection coefficient is significantly
improved (i.e., multiple resonances over the frequency range)
due to the presence of the horizontal slot. The impedance BW
is also expanded from 6.18 to 11.08 GHz compared to the
1% iteration, yet impedance matching is extremely poor (i.e.,
RL values are near —10 dB points at 6.5, 8.44, and 10 GHz,
respectively. As a result, further modifications were made to
the antenna during the 3* iteration, as shown in Figure 4(c),
in order to attain UWB characteristics. To achieve broadband
matching, the tapered slot line is loaded with a rectangular
cavity. The length and width of the cavity, which act as a
quarter wave matching circuit in conjunction with the slot
line, impact the antenna’s impedance. Additionally, the slot’s
tapering serves as a smooth impedance transition from the
502 feed to the free space wave impedance. The S;; < —10
dB bandwidth, demonstrating UWB ranging from 5.9 to
10.94 GHz as shown in Figure 5(a) (green curve). It matches
the impedance very well over the frequency band. As a

(b)

FIGURE 6. The fabricated versions of the proposed 3D antenna (a) additive version
(b) milling version.

result, the antenna can cover the full UWB frequency range
thanks to its resonating mode operating at 9 GHz and with
a FBW of 52.86%. The S-parameter (red color) from the
equivalent circuit matches perfectly with the final design of
the proposed design. Similarly, the step-by-step evaluations
in the proposed design with the corresponding E-field pattern
are shown in Figure 5(b).

lll. FABRICATION APPROACH

This section introduces the two cutting-edge manufacturing
techniques employed to create the 3D Vivaldi antenna
structures. The benefits and drawbacks of AM and CNCM
processes are discussed with respect to fabrication cost,
processing time, scalability, and dimensional accuracy.

A. THE AM-BASED 3D-ANTENNA FABRICATION
AM-based fabrication procedure involves the construction of
3D structures by gradually forming layers of the alloy under
the supervision of a computer program. They are usually
generated using digital data from a 3D model or electronic
source file, such as a stereo-lithography (S7L) file, which
is one of the most common file types that 3D printers can
read. The TruPr AM features are used for 3D printing, which
can construct structures within a deposition area of 100 mm
in diameter and 100 mm in height. Figure 6(a) depicts the
prototype of the AM version of the proposed antenna.

B. THE CNCM BASED 3D-ANTENNA FABRICATION

The CNCM-based fabrication process involves the use of
computers to manage the creation of complex parts from
raw materials. This is the process of selectively removing
material from a specialized workpiece using a cutting tool
placed on a spinning spindle. CNCM machines can perform
advanced functions like contouring surfaces and drilling
holes with extreme precision. The cutting tool produces a
series of rapid cuts on the raw material’s surface, which are
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FIGURE 7. The simulated and measured S;; of the (a) AM and (b) CNCM versions of
the all-metal 3D Vivaldi antenna.

gradually eliminated as the operation progresses. Figure 6(b)
depicts the prototype of the CNCM version of the proposed
antenna.

IV. SIMULATION AND MEASUREMENT RESULTS

In this work, aluminium metal is utilized to fabricate the
3D Vivaldi antennas. The frequency range considered is
from 6 to 11 GHz with a center frequency of around
8.5 GHz, and the antenna is achieved 60% of fractional
bandwidth. In both CNCM and AM processes, each part
of the antenna is fabricated separately (top and bottom) to
insert the SMA connector easily using J-B weld marine
weld white epoxy adhesive paste. The original Cold Weld
two-component epoxy system provides durable, long-lasting
metal and surface rebuilding.

A. REFLECTION COEFFICIENT AND GAIN
PERFORMANCE

The reflection coefficients, Si; of each version of the
3D Vivaldi antennas are measured using the ROHDE &
SCHWARZ (R&S) ZVB-20 series Vector Network Analyzer
(VNA). Figure 7(a) and 7(b) show the comparison between
simulated and measured RL values of the CNCM and AM
versions of the Vivaldi antennas. It can be seen that the
simulated and the measured RL values are in comparatively
excellent agreement. Though simulated and measured results
are good in agreement there are some discrepancies between
the two simulated results. There are two materials used
to simulate the complete antenna for AM and CNCM
processes, respectively. The aluminium titanium alloy (Ti-
6AL) is used for the AM process, which has a composition
of 90% titanium, 6% aluminium, 4% vanadium, 0.25%
(maximum) iron, and 0.2% (maximum) oxygen, respectively.
In the CNCM process, aluminium metal is used to fabricate
the antenna, which material properties are different from
aluminium titanium alloy. The same antenna is simulated
using two different types of materials. That’s why there
are some discrepancies between the two simulated results.
Figure 7(a) shows the measured value of the Sj; of the
CNCM version is less than —10 dB over the frequency range
of 6.25 to 11.2 GHz, and it is —42.5 dB at 10.85 GHz.
The simulated bandwidth (BW) of the milling version of the
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FIGURE 8. The simulated and measured realized gains of the (a) CNCM, and (b) AM
versions of the 3D Vivaldi antenna.

antenna is 5.25 GHz, which is 0.25 GHz higher than the
measured value. Similarly, Figure 7(b) shows the comparison
between the simulated and measured values of the RL of the
AM version of the 3D antenna. The measured value of S;; of
the AM version of the 3D antenna is less than —10 dB over
the 6.53 to 11.23 GHz frequency range, and it is —28.5 dB
at 8.75 GHz. The simulated bandwidth (BW) of the AM
version is 5.58 GHz, which is 0.88 GHz higher than the
measured value. The minor variations between the simulated
and measured values of the RL and the BW of the CNCM
and AM versions are due to the effect of epoxy paste that
was used to make the contact with the SMA connector. The
effect of the sensitivity of the SMA feeding point shows a
slight difference in the number of resonant notches within
the resonance BW of frequency of both antennas. Moreover,
the cavity section beside the SMA helps to achieve the
502 impedance matching, which highly affects the BW of
the antenna. Although the magnitudes of the RL of both
versions of the 3D antennas are nearly similar, the S1; of
the CNCM version is 14 dB less than the AM version. Due
to the difference in material properties, such as electrical
and thermal conductivity variations, dielectric constant, and
diffusivity, the performance between the CNCM and AM
versions shows some deviation. Figures 8(a) and 8(b) show
the comparison between the simulated and measured realized
gains of the CNCM and AM versions of the 3D antenna,
respectively. For the CNCM version, the measured maximum
gain at 8.75 GHz is 5.7 dBi, which is 0.55 dB less than
the simulated value. The measured realized gain of the
AM version is 4.94 dB at 8.75 GHz, which is 0.81 dBi
less than the simulated gain. The measured gain of the
CNCM version is 0.76 dBi higher than the AM version. It
can be concluded that due to the pure aluminium’s good
conductivity, the CNCM version’s gain performance is higher
than the AM version. Figure 9(a), shows the simulated and
measured total radiation efficiency of the proposed antenna.
It can be seen that the maximum efficiency is 94.52% at
8.5 GHz frequency, whereas the efficiency at other ranges
of the frequency band is below 90%. Similarly, Figure 9
(b) shows the axial ratio of the AM and CNCM versions of
the proposed antenna. It can be seen that the axial at 7 GHz
is 2.2, where the ratio of all other frequency bands is more
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FIGURE 9. The comparison between simulated and measured (a) total efficiency,
and (b) axial ratio of the proposed all-metal 3D Vivaldi antenna.

Waveguide (7.05 GHz-
10.7 GHz
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FIGURE 10. The set-up of the NS/2000 antenna measurement system for measuring
the radiation pattern properties of the AM and CNC versions of the proposed 3D
antenna.

than 3.Based on the axial ratio, the polarization properties at
7 GHz are circular, whereas all other frequency bands have
elliptical polarization.

B. RADIATION PATTERN MEASUREMENT USING
NSI2000 ANTENNA MEASUREMENT SYSTEM

Figure 10 depicts the experimental setup used to measure the
radiation patterns of both versions of the proposed antennas.
The NSI2000 measurement system is used to measure the
CNCM and AM versions of the 3D antennas. It is a near-
field antenna measurement system with model no SOM —
NSI2000 — V4. The frequency range of this system is O to
40 GHz. It provides fast and accurate methods of measuring
the gain, directivity radiation pattern, etc. The NSI-RF-
WR340 Waveguide (7.05 1—0.7 GHz) is used as a reference
antenna that was placed 1.75 meters apart from the AUT
(antenna under test). In Figure 11 (a), (b), (c), and (d), the
simulated far-field radiation patterns of the proposed antenna
are compared with the measured results for the azimuth (¢-
axis) and elevation (f-axis). The CNCM and AM versions
simulated and measured radiation patterns are observed for
the Y and X -pols for both ¢ and 6 - axes, respectively. The
half-power beam widths (HPBWs) of the CNCM version
of the antenna at 8.75 GHz are 88.2° and 53.6° in the ¢
and 0- axises, respectively. Similarly, for the AM version,
the HPBWs (Figure 11(c) and (d)) at 8.75 GHz in the ¢

= = Simulated| = = Simulated|
Measured| Measured|
0

S 5 oo owm

Gain (dBi)
>
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FIGURE 11. The simulated and measured radiation patterns of the 3D antenna at
8.75 GHz for the CNCM version (a) X-pol, (b) Y-pol, and additive version’s (c) X-pol,
(d) Y-pol.

and 6 - axises are 85° and 52.7°, respectively. The HPBW
of the CNCM version of the 3D antenna in the ¢-axis
is 3.2° smaller than the AM version due to the different
material alloys used for manufacturing. On the other hand,
the HPBW of the AM version of the 3D antenna in the 6
-axis is 0.9° higher than the CNCM version. The side lob
levels (SLL) of the radiation pattern of the CNCM version
are —10.3 and —1.8 dB in the X and Y -pol, respectively.
Similarly, the SLLs of the radiation pattern of the AM
version are —8.03 and —1.86 dB, respectively. Table 3 shows
that the CNCM version performs better in terms of the
gain, BW, and magnitude of reflection coefficient, whereas
the AM version achieves a higher HPBW than the CNCM
version. It should be noted that the cost of 3D antenna
fabrication mainly depends on the quality alloy or powder.
Based on the proposed fabrication process the total cost is
450 USD for both AM and CNCM versions. On the other
hand, the cost of single-layer or multilayer PCB fabrication
using Roger or Taconic is more than 1000 USD. Therefore,
the 3D fabrication process is more cost-efficient than the
PCB fabrication. Table 4 depicts the various performance
parameters of the prior works related to the proposed all-
metal 3D antennas. It can be observed that the proposed
3D antenna shows better performance in terms of gain, size,
and radiation properties compared to the prior published
works. As can be seen, the ® and 6 components (i.e.,
vertical and horizontal slots) of the 3D Vivaldi antenna
are identical and vice versa. This illustrates how the only
difference between the radiation characteristics of the two
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TABLE 3. Achieved performances by the CNCM and AM versions of the 3D antenna.

TABLE 4. Performance comparison with other state-of-the-art works.

Performance Parameters CNCM version I AM version
Dimension (mm?) 20 x 20 x 29 20 x 20 x 29
Gain (dB1) 5.70 4.94
BW (GH>z) 4.95, 4.70,
Fractional BW (GH z) 0.56 0.52
Magnitude of Reflection Co-efficient -42.5 -28.5
AM Version HPBW (¢ and #-axis) 55° 65°
CNCM Version HPBW (¢ and 6-axis) 35° 60.25°
Cost Low (150 USD) High (300 USD)
Complexity Simple procedure High
Manufacturing time 2 to 4 hours Approximately 24 hours

| Ref. No [ Dimension (mm®) [ Freq.(GHz) | BW(GHz) | Gain (dBi) | Material | Polarization | Efficiency |
[43] 141 x 131 x 50 1.8—-2.5 0.7 4.26 — 6.06 Al. Unidirectional N/A
[44] 420 x 152x 20 3.75 —4.15 0.4 11.81 Di. Unidirectional 73%
[45] 45.3 x 48%x5.2 2—6 4 1-6 M. Dual polarization N/A
[46] 232 x 145 x 0.508 0.7—-2.7 2 4.05 — 8.3 Da. Uniform 80%
[47] 131 x 18 x 2.5 0.5—-9 9.5 —-15—-5 Al. Orthogonal 97%
[48] 112 x 18 x 2.5 1.5—-75 6 5 M. Bidirectional 90%
[49] 59.1 x 23.25x N/A | 0.28 —5.91 5.63 —10,16 M. Bidirectional 73%
Proposed 20 x 20 x 29 6.25 - 11.20 4.95, 5.70 Al. Unidirectional 94.52%
6.53- 11.23 0.56 4.94 T
4.70,
0.52

Al* = Aluminium, M.* = Metal, Di.* = Dielectric, T%.* = Titanium

antennas is the variation in the properties of the materials.
This is also due to the orthogonal alignment of two arms
of the tapered slots of the antennas. The radiation pattern
of the X-Pol looks more unidirectional than the pattern of
the Y-pol. This is because the length of the cavity size is
smaller than the strip line stub. It also contributes to the
increase in directivity of the antenna. In [43], [44], [45],
[46], [47], [48], [49], most of the performance parameters,
such as dimension, BW, gain, and radiation efficiency, are
lower than those of the proposed 3D Vivaldi antenna. Based
on Table 4, the proposed work is better than some of
the performance parameters, such as dimension, BW, and
radiation efficiency, are better than some of the state-of-the-
art works. In terms of the overall dimension, the proposed
work is about ~ 1.5x or more compact than all the state-of-
the-art works in Table 4. The gain and BW of the proposed
antennas are 4.94 and 5.70 dBi, and 4.75 and 4.95 GHz,
which are better than the gain and BW of the state-of-the-
art works [43], [47], [48], [49] and [43], [44], [45], [46],
respectively. The radiation efficiency of the proposed work
is greater than other prior works except [47]. Most of the
prior works have designed all metal antennas based on the
CNCM process using aluminium that was bulky in size.
Though some of the prior works are better in terms of a
few performance parameters, such as gain and BW, they are
unsuitable for UAV-based applications due to the lack of
compactness, UWB response, and high gain performance.

V. CONCLUSION

The paper proposes a compact all-metal 3D antenna with a
rectangular cavity, tapered slot, and horizontal slot transition.
The fabrication process using AM and CNCM techniques
are compared. The results show that the CNCM-based
fabricated 3D Vivaldi antenna achieves better performance
than the AM version. The CNCM technique offers cost-
effectiveness, fast and accurate manufacturing, and better
precision in fabricating complex 3D structures compared to
the AM process. The measured and simulated results match
well. Future work involves the design of a 3D all-metal
phased antenna array structure using the proposed 3D single
antenna element and using CNCM, AM, and conventional
manufacturing methods for comparison.
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