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Abstract

This work describes an antenna miniaturization method that
utilizes meandering in the third dimension. The radia-
tor of the antenna is designed on a corrugated substrate.
Semi-cylindrical, triangular, and rectangular corrugations
are tried. The method is applied to an Ultra-wideband Vi-
valdi antenna. The antenna is proposed to be 3D printed on
IBT, a flexible and biocompatible resin, for the first time in
the literature. By this method, three different miniaturized
Vivaldi antennas are designed, and up to 22.1% reduction
in the volume is achieved.

1 Introduction

Recently 3D printing technology has been used in industrial
and medical applications, which reduces the manufacturing
time and cost and facilitates the process of controlling the
shape of complex structures and properties of the required
substrates [1]. There are multiple categories of 3D printing
processes: material extrusion, light polymerization, powder
bed fusion, material jetting, etc. For antenna prototyping,
Fused Deposition Modelling and Stereolithography (SLA)
have been commonly used, which falls under material ex-
trusion and light polymerization, respectively.

Commonly used rigid substrates such as acrylonitrile-
butadiene-styrene [2]-[4], polylactic acid [5]-[8], and
V04 [9] are not suitable for wearable antennas envisaged
for modern health monitoring systems and daily life wire-
less devices [10]. As a result, the focus moves towards uti-
lizing flexible and elastic substrates. Thus, they can be in-
tegrated into clothes and wearable devices to be operated
on curvilinear surfaces and dynamically changing motions.
FLGRO02, IBT, 50A, and 80A resins are flexible materials
available in SLA technology. FLGRO02 has previously been
used in antenna prototyping [11]. However, IBT, 50A and
80A have never been used. Here, using these substrates,
we proposed a 3D miniaturization method which is based
on [12]. The method is demonstrated through a Vivaldi an-
tenna.

UWB is becoming more popular in implant communica-
tions, which crave UWB wearable, flexible repeater anten-
nas. Vivaldi antenna is a frequent choice for applications
that require wide bandwidth [13]. There are multiple ex-
amples of rigid 3D printed Vivaldi antennas [14], [15] and

flexible Vivaldi antennas in the literature [16]—[18]. How-
ever, there is no flexible 3D printed Vivaldi antenna in the
literature to the best of the authors’ knowledge. In this pa-
per, the novelty lies in the application of the 3D miniatur-
ization method on a flexible wearable Vivaldi antenna. In
addition, the electrical properties of previously mentioned
flexible resins are provided up to 6 GHz for the first time in
the literature.

This paper is organized as follows. Section II describes the
Vivaldi antenna model, and three different corrugations are
presented. The simulation results are demonstrated in Sec-
tion III. Section IV concludes the paper.

2 Antenna Models

Vivaldi antennas have exponentially tapered slots follow-
ing Eqn. 1 where A is half of the minimum width of the
tapered slot, k is the taper rate, and y(x) is the half-width
of the tapered slot. The maximum width of the taper must
be less than half of the guided wavelength of the minimum
operating frequency [19].

y(x) =A™ (1)
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Figure 1. The Vivaldi antenna designed on flat flexible IBT
Figure 1 shows the microstrip fed Vivaldi antenna designed
following these guidelines. The design is on flexible IBT
resin (Model A). Figure 2 presents the relative permittivity
and conductivity values of IBT along with two more flex-
ible resins measured up to 6 GHz. The measurements are



conducted using Speag’s DAKS 3.5 dielectric measurement
kit at room temperature.
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Figure 2. Measured relative permittivity and conductivity
values for flexible resins available for SLA printing: 50A,
80A, and IBT vs frequency

The feed line is open-circuited at a distance from the center
of the tapered slot, and this distance is adjusted to Lqw=1.5
mm to achieve intended matching. The antenna is opti-
mized to operate on a 2 cm thick muscle block representing
the human body using ANSYS HFSS. The first model con-
stitutes the base for the other three miniaturized versions,
with different substrate structures. For miniaturization pur-
poses, triangular, cylindrical, and square corrugations are
added to the substrate. All the parameters are kept constant
in these models regarding the radiator and the feed line.
Thus, the antenna’s overall length is decreased by wrapping
the same radiator onto the new substrate profiles. By doing
so, both the volume and the overall size of the antennas are
decreased.

The top view and the parameters of the designed Vivaldi
antenna on a planar substrate are shown in Figure 1. The
minimum width of the tapered slot is chosen as Wmin=0.3
mm, while its maximum width is limited by half of the
guided wavelength at the minimum operating frequency,
Ag/2=15.3 mm. A, is calculated by using Eqn. 2, where
c is the speed of light, fii, is the minimum operating fre-
quency, 3.1GHz, and & is the effective permittivity of the
medium. The effective permittivity is chosen as 10 in the
calculation by considering that the antenna is working on
an IBT substrate located on the muscle block.

Ag = 2

c
vV Eeff /min .
LT is chosen as 16 mm. In order to achieve a width less
than A, /2 = 15.3 mm with a 16 mm length, the taper rate,
k, is chosen as 0.245. The maximum width, Wmax, is then
calculated as 15.12 mm. Substrate thickness, h, is 0.8 mm,

Conductivity (S/m)

the width of the feed, WT, is 1.2 mm, and the overall width
of the antenna, Want, is 34.9 mm. Lm, 14.8 mm, is the di-
mension that will be miniaturized, and it is chosen as the
difference between LT and WTf not to affect the feed mech-
anism. Lastly, the antenna’s overall length, Lant, is 18 mm.
The non-slotted part of the radiator has a length of p=0.5
mm. The volume of Model A is 502.56 mm?.

2.2 Model B

The second model is designed to have a substrate such that
10 triangular corrugations are added on the planar substrate
used in Model A. Triangles are isosceles with equal an-
gles of 45°. The total length of the edges, each having a
length of 0.74 mm, is equal to the initial value of Lm, 14.8
mm. This choice results in a decrease by cos(45°), approx-
imately 29.8%, in Lm. Compared to Model A, the length
of Model B is decreased by 24.1%, from 18mm to 13.66
mm. Finally, the volume of the antenna is 477.08 mm3,
corresponding to a decrease of 5.07%. Model B is shown
in Figure 3.

Figure 3. 3D view of Model B

2.3 Model C

By adding 10 semi-cylindrical corrugations onto the planar
substrate, a 29.8% decrease in length is achieved. Model C
has a Lant of 12.62 mm. The radius of the semi-cylinders,
Rec, is adjusted to be 0.47 mm such that their total perime-
ter is equal to the initial length of 14.8 mm. This choice
of radius results in a decrease of approximately 36% (2/7)
in Lm. Moreover, the volume is decreased to 473.45 mm?,
which is 5.79% smaller than the initial volume. The iso-
metric view of Model C is shown in Figure 4.

24 Model D

Model D has 5 square corrugations with equal side lengths
of 0.74 mm, for both square prisms and their spaces. By do-
ing so, Lm is halved. Model D’s isometric view is shown in



Figure 4. Isometric View of Model C and the corrugation
profile.

Figure 5. Isometric View of Model D and the corrugation
profile.

Figure 5. The length is 10.6 mm, and the volume is 391.51
mm?, which corresponds to a decrease of 41.1% and 22.1%,
respectively.

3 Simulations and Results

When the miniaturized models are compared to Model A,
5.07%, 5.79%, and 22.1% decrease in the volume and
24.1%, 29.8%, and 41.1% decrease in the length is achieved
for Model B, Model C, and Model D, respectively. The re-
sulting reflection coefficients are plotted in Figure 6. All
four models cover the lower UWB frequency range. Figure
7a shows the simulated 2D radiation patterns at ¢ = 0° and
¢ =90° at 3.44, 3.27, 3.2, and 3.18 GHz for each model,
respectively. Note that, these frequency points correspond
to the first resonances of the antennas. Similarly, Figure
7b shows the 2D radiation patterns at 5.74, 5.72, 5.66, 5.78
GHz. The maximum gain values for each model are com-
pared in Table 1. As can be seen from the table, minia-
turization decreases the maximum gain values for the first
resonances while it does not impact the gain for the sec-
ond resonances. When it comes to the maximum radiation
direction, no more than 6° change is observed in 6 and ¢
for the lower resonances. However, the maximum radiation
direction changes towards the muscle block for the higher
frequency resonance.

4 Conclusion

A 3D miniaturization method that utilizes meandering in
the third dimension is described for an UWB Vivaldi
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Figure 6. |S11| vs. frequency (GHz) plots for each model.

Table 1. The maximum gain directions in dBi

1 Resonance 2" Resonance

Gain | 0° | ¢° | Gain | 6° | ¢°
Model A | -16.6 | 38 | -28 | -13.4 | 8 30
Model B | -16.6 | 40 | -18 | -11.8 | 14 | -26
Model C | -17.1 | 40 | -14 | -11.5 | 14 | -32
Model D | -179 | 42 | -10 | -11.6 | 16 | -48

antenna. Miniaturization is attained by adding semi-
cylindrical, triangular and square prisms over the base sub-
strate. 5.07%, 5.79%, 22.1% volume decrease relative to
initial model is obtained, for Model B, Model C, and Model
D, respectively. In conclusion, lower UWB characteristics
of the antennas are maintained while a reduction in vol-
ume is acquired. However, the maximum gain values of
the miniaturized models decrease when the miniaturization
ratio is increased.
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