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ABSTRACT A 3D printed, low-profile, electrically small antenna with a quasi-isotropic radiation pattern
is presented herein. It is composed of an electric meandered dipole antenna, and the extended arcs from
the meander line mimicking the current flow of the loop antenna. A quasi-isotropic radiation pattern is
achieved from the total current flow over the proposed structure. Modern stereolithographic 3D printing
and nano-polycrystalline copper coating technologies are used to build a prototype. The measured antenna
exhibits a good uniformity in terms of the radiation pattern with a maximum gain deviation of 4.5 dB at
959 MHz and a radiation efficiency of 81 %, close to the computed expectations. The electrical size of the

antenna ka is 0.48, and its height is A(/82.32.

INDEX TERMS 3D printing, isotropic radiation pattern, electrically small antennas, radiation pattern

synthesis.

I. INTRODUCTION

Research on the realization of an isotropic antenna is demand-
ing due to its characteristic of uniform wireless signal recep-
tion. This type of antenna could be effectively used in various
applications, including RFID systems, aerospace, energy har-
vesting and industrial equipment. Despite the huge demand
for this type of antenna, however, the theoretical work has
found that an antenna with a perfect isotropic radiation pat-
tern does not exist in practice [1]. Nevertheless, intensive
studies have been conducted to achieve a nearly isotropic
radiation pattern, which is also often referred to as a quasi-
isotropic radiation pattern. A common strategy to achieve a
quasi-isotropic radiation pattern is to bring electric and mag-
netic dipoles together perpendicularly, such that the null-field
direction of one dipole is along the maximum-field direction
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of the other dipole, minimizing the blind spots of each dipole.
Several associated designs have been reported [2]—[8]. In [2],
a split-ring resonator was folded, such that both the cur-
rent distributions of electric and magnetic dipoles can be
formed simultaneously. Further, a monopole antenna was
properly wrapped on a 3D-printed package in [3], showing
the quasi-isotropic radiation pattern at dual frequency bands,
and inductively coupled meander line structures were folded
around the sides of a cube in [4]. The proposed antennas
in [2]-[4] occupy a three-dimensional space. A planar type
quasi-isotropic antenna is also feasible using the same tech-
nique of radiation pattern synthesis of electric and magnetic
dipoles [5]-[7] or two crossed electric dipoles [8]. Although
many of the reported quasi-isotropic antennas are electrically
small, they are not necessarily small. An antenna with an elec-
trical size of ka > 1.0 could also show the desired pattern at
arelatively larger frequency bandwidth than the antenna with
ka < 0.5. ka is one of the most commonly used parameters to
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measure the electrical size of antennas, where k is the free-
space wave propagation constant and a is the radius of the
imaginary sphere enclosing the antenna.

An antenna is usually said to be electrically small when
ka is less than 0.5. Electrically small antennas (ESAs) are
essential in modern wireless technology since the space allot-
ted for antenna installation in electronic and mobile devices
has become smaller. The study of ESAs has a long his-
tory, and various miniaturization techniques exist [9]-[15].
Most of them are related to changing the electrical and
physical configurations of the antenna as a means of reduc-
ing the resonant frequency with acceptable radiation prop-
erties. Thus, highly efficient ESAs could take a complex
three-dimensional shape, and some trials utilize 3D-printing
(3DP) technologies for the easier and faster prototyping of
novel and complex antenna designs [16]—-[21]. 3DP technol-
ogy can print an object from a CAD model with an enormous
amount of design freedom and is widely used in the various
fields such as agriculture, electronics, healthcare, automotive
industry, only to mention a few. However, despite its recent
explosive growth in scientific applications, it is not yet well
suited for very small designs, and not all geometries can be
finely built with sufficient conductivity using the commer-
cially available 3DP technologies at their present technology
level [22].

In this paper, we propose a novel low-profile design of a
self-resonant ESA with a high radiation efficiency and a good
quasi-isotropic radiation pattern. It is designed and tested at
the 900 MHz ISM frequency band. Stereolithography (SLA)
3DP and nano-polycrystalline copper coating methods are
used in its experimental validation. The measured impedance
and radiation properties of the prototype show good agree-
ment with the computed expectations. We use HFSS from
Ansys for the full-wave electromagnetic simulations in this
work.

Il. ANTENNA DESIGN

The proposed design concept is illustrated in Fig. 1. It is
composed of an electrically small dipole at the center and an
electrically small loop circulating it, made of extended lines
from both the open ends of the electric dipole arranged in
clockwise and counterclockwise directions. One arm of the
dipole is positioned slightly up and the other arm is positioned
slightly down with respect to the xy-plane to alleviate any
possible physical overlap. The structure is fed by a single port
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FIGURE 1. Design concept. (a) Electric dipole at the center and a loop-like
configuration surrounding it. (b) Current distribution.
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at the center of the electric dipole. Fig. 1b shows that a nearly
uniform current distribution can be formed on each part of the
electric dipole and loop with an electrically small dimension
(dipole length = 0.11). In Section 2.A, it is stated whether
this design concept can be realized with proper impedance
and radiation properties. Next, in Section 2.B, it is stated how
the proposed complex design is physically tuned so that it
could be properly built using 3DP and nano-polycrystalline
technologies, while maintaining the electrical properties.

A. ANTENNA CONFIGURATION AND FEASIBILITY CHECK

The conceptual design in Fig. 1 now adopts a meander line
to increase the electrical length of the antenna, as shown
in Fig. 2. The extended line from one end of the meander line
(z > 0) works similarly to a top-loading structure of a top
loaded monopole antenna [23], since it creates an extra cur-
rent flow path and eventually makes the antenna self-resonant
with a sufficient radiation resistance close to a 50-€2. It also
forms a loop configuration together with the bottom part at
the opposite side (z < 0). With the length of the loop (¢ =
271.28°), the radius of the loop (r = 24 mm), and the gap
between the top and bottom parts (g = 0.2 mm), one can
obtain the desired radiation properties at the 900 MHz-ISM
frequency band. The antenna structure is made of a copper
strip (h = 0.8 mm, ¢t = 1.6 mm) and is fed at the center of the

iy
Coaxial cable
with ferrite beads

Gap capacitance

(b)

FIGURE 2. Antenna configuration with the design parameters of the
proposed antenna. (a) Top view. (b) Birds view.
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meander dipole using a coaxial cable. The inner conductor
of the cable is connected to the top part (z > 0), whereas
the outer conductor is connected to the bottom part (z < 0).
The electrical properties of a ferrite bead are characterized
and placed at the outer conductor of the cable in the full-
wave electromagnetic simulation to prevent the current from
flowing through the outer jacket of the cable, which would
affect the radiation pattern.

The designed antenna in Fig. 2 is self-resonant at 915 MHz.
Other simulated results are shown in Fig.3. The peak gain and
radiation efficiency across the frequency are given in Fig. 3a.
The maximum gain deviation over the entire space is 2.86 dB,
as shown in Fig. 3b, which is good enough to be considered
as an antenna with a quasi-isotropic radiation pattern. The
simulated radiation efficiency at 915 MHz is 8§9.8 % with ka
of 0.47. Due to its complex structure, the above-mentioned
simulated design was tried to be fabricated using a selective
laser sintering (SLS) 3D printer with a polyamide material of
PA2200. However, then it was found that metallization over
a g = 0.2 mm gap is challenging since the metal paste needs
to be painted several times with thickness until obtaining
sufficient conductivity. How to separate the top and bottom
parts electrically was not also a trivial problem.

Thus, a parameter study is conducted on g to update the
design with a larger gap of g, and the results are shown
in Table 1. It is seen that the gain deviation is worsened,
the radiation efficiency is improved, and the resonant fre-
quency is shifted upward with a larger g. It is mainly caused
by the increased electrical size of the antenna owing to the
lower gap capacitance along the arcs of the top and bottom
parts, depicted in Fig. 2b. The radiation properties of the
electric meander dipole antenna and magnetic loop antenna
are mainly based on its wavelength. When the antenna size of
the electric dipole goes higher the radiation pattern becomes
more directional, leading to the increase of the maximum
gain. On the other hand, when the electrical size of the loop
antenna increases the maximum radiation intensity decreases
along the plane of the loop thus causing decrease of the
gain [24, pp. 164-168, 250-259]. Therefore, the overall gain
deviation obtained from the difference between the maximum
and minimum gains of the antenna becomes worsen for the
larger g and results in a poorer isotropic radiation pattern. The
used strip lines might offer more gap capacitance than wires,
but it is found to be not enough. Thus, the design needs update
with a larger g for easier and reliable copper coating while

TABLE 1. Parameter study results.

Parameter [mm] g=02 g=04 g=1.0
fo[MHz] 915 990 1,059
Gain Deviation
[dB] 2.87 3.51 4.17
N[ %] 88.37 92.81 97.57
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FIGURE 3. Simulated results for Figure 2. (a) Gain and radiation efficiency
across the frequency. (b) Gain deviation in the entire space.

maintaining the electrical properties of the antenna including
ka and gain deviation.

B. ANTENNA DESIGN UPDATE

To lower the up-shifted frequency of the proposed design with
a physically larger gap of g, a vertical copper tooth structure
is introduced between the top and bottom arcs, as shown
in Figs. 4a and 4c. It could compensate for the decreased
capacitance of the structure with a physically larger g with a
series of gap capacitance from the tiny gaps (g;, see Fig. 4c)
along the arc. In addition, each metal tooth is surrounded by
a plastic tube so that the top and bottom parts of the antenna
could be supported with a fixed height when printed and
assembled as described in Figs. 4a and 4c. The radiuses of
the metal tooth r,, and plastic tube r; in Fig. 4a are 0.5 mm
and 0.7 mm, respectively.

The difference in resonant frequency between the antennas
with and without the proposed vertical metal tooth is plotted
in Fig. 5a. The values for g, and g in Fig. 4c are 0.2 mm
and 1.0 mm, respectively for the case of the black dashed
line in Fig. 5a. It is observed that the resonant frequency
is lowered from 1.059 GHz (red dotted line) to 971 MHz
with the placement of the vertical tooth with the same g
of 1.0 mm. Furthermore, the gain deviation is also improved
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FIGURE 4. Tuned with vertical metal tooth made of copper. (a) Top view
of the metal tooth with plastic tube. (b) Top view of the initial design (in

green) and the updated, final design (in orange). (c) Side view of the
initial design and the updated, final design.

from 4.17 dB to 3.36 dB. It is because the lowered gap
capacitance could be compensated by the presence of the
metal tooth along the arcs. It provides additional capacitance
for the antenna and the electrical size of the antenna becomes
smaller while keeping the same physically larger g. As a
result, the increased maximum gain of the larger g case
decreases, and the decreased minimum gain increases with
the metal tooth. The change in the radiation performance of
the antenna by the metal tooth is summarized in in Table 2.
Consequently, we set g = 2.2 mm and finely tune all the
design parameters. The number of metallic teeth is thirty.
The increased gap, which is about ten times larger than the
original gap size g = 0.2 mm, would make the plating process
easier and reliable. In Fig, 4b, it is shown that the shape
of the antenna is almost the same as in the initial design
in Fig. 2, except for the slight variation in the length of the
meander lines. It is thus conferred that the lowered resonant
frequency in Fig. 5a and improved gain deviation are mainly
caused from the vertical metal tooth. The initial and updated
design are depicted in green and orange color, respectively,
to show the difference in antenna configuration. The whole
view of the updated, final antenna design with the magnified
view of the arrangement of metal tooth is shown in Fig. 4c.
The final design parameters are given in Table 3. The res-
onance occurs at 918 MHz, with a maximum gain deviation
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FIGURE 5. Simulated results for the final, updated antenna with the
vertical metal tooth. (a) Comparison of the reflection coefficient. (b) Gain
deviation of the final design.

TABLE 2. Change in radiation performance by vertical metal tooth.

Parameter [mm] Initial design w/o metal w/ metal
[Couldn’t be built] tooth tooth
g 0.2 1.0 1.0
Jfo[MHz] 915 1059 971
Maximum gain [dBi]
(@ 0=90°, $=90°) 0.94 1.3 0.91
Minimum gain [dBi]
(@ 6-90°, $=0°) -1.92 -2.87 -2.45
Gain Deviation [dB] 2.86 4.17 3.36

of 3.14 dB, as observed in Fig. 5b. The radiation efficiency
at the resonance is 91.6 %. Consequently, the fabrication
difficulties could be overcome by a little modification in the
antenna geometry with minimal effect on its impedance and
radiation properties.

Ill. ANTENNA FABRICATION AND MEASUREMENT

In general, the SLS printout seems smooth on the sur-
face but could be porous. Any masking medium, such as
lacquer, soaks in and spreads into adjacent areas during
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TABLE 3. Final design parameters.

Parameter Value Parameter Value Parameter Value
wi 3.1 mi 21.0 g 2.2
w2 4.0 m2 37.5 t 1.6
w3 4.45 ms 37.5 h 0.8
Wi 4.25 my 35.5 r 24
ws 4.2 ms 32.5 Fm 0.5
We 4.0 me 27.5 "t 0.7
w7 4.2 ms 20.75 a 272.6
ws 4.0 ms 11.25
Wy 4.6 g 0.2

100

]

-
=)

N
o

Efficiency [%]

Reflection Coefficient [dB]

-30 + - -
= Simulation
""" Measurement
-40 I L 0
850 900 950 1000

Frequency [MHz]

FIGURE 7. Simulated and measured reflection coefficient and efficiency.

electrochemical plating. The high-resolution SLA 3DP
method could provide a smoother and less porous surface,
as it forms a structure by focusing an ultraviolet laser onto
a vat of photopolymer resin, while SLS uses a fine powder
from many kinds of materials [25], [26]. In building the
proposed antenna prototype, we first print the top and bottom
layers separately using the Viper Si2 SLA printer from 3D
Systems. The dielectric constant and tensile strength of the
printed design are 3.5 and 56.8 MPa, respectively. They are
then plated by a nano-polycrystalline copper coating tech-
nology [20], [21]. The top and bottom layers are assembled
with the plastic tubes in Fig. 4 afterwards. Photos of the built
antenna with ferrite beads attached to a coaxial cable are
shown in Fig. 6. A quarter dollar is placed together for a size
comparison.

The measured reflection coefficient and radiation effi-
ciency are shown in Fig. 7. The simulated reflection coef-
ficient of the final design in Fig. 5a is replotted as a solid
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FIGURE 8. Normalized radiation pattern. (a)xy-plane. (b)yz-plane.
(c) xz-plane.

blue line for comparison. First, it can be seen that the built
antenna is self-resonant, as expected from the simulation. The
resonant frequency is shifted slightly upward by 43 MHz (or
4.4%) to 959 MHz, possibly due to a fabrication error caused
when the two top and bottom layers are assembled. The top
and bottom layers are not perfectly parallel thus the gaps by
the metal tooth are a bit uneven. The possible difference in
a dielectric constant of the plastic tubes in the simulation
and fabrication also could be a cause. The gain and radiation
pattern of the built antenna are measured in an anechoic
chamber. The radiation efficiency at the measured resonance
is 81 %, close enough to the simulation. A little degradation
might be caused from the slightly lower conductivity of the
polycrystalline copper coating than a bulk copper.

The normalized simulated and measured radiation pat-
terns of the antenna along the elevation plane (xz- and
yz-planes) and those of the antenna along the azimuthal plane
(xy-plane) are plotted in Fig. 8. It is observed that the sim-
ulated and measured results are close to each other. The
radiation pattern in the xy- and yz-planes is nearly uniform,
whereas the xz-plane has two orthogonal omni directional Ey
and Ey patterns generated by the x-directional meandered
electric dipole and the z-directional magnetic dipole (or the
loop formed by the arcs), respectively. The total radiated
field shows a quasi-isotropic radiation. The measured gain
deviation along the entire space at 959 MHz is plotted in
Fig. 9. Despite it is not perfectly the same, it is seen that the
measured gain distribution is much similar to the simulation
in Fig. 5. The maximum and minimum gains are 0.4 dBi
and —4.1 dBi, respectively; thus, a maximum gain deviation
of 4.5 dB can be achieved.

Lastly, Table 4 compares the electrical sizes, the heights,
the fractional bandwidth (FBW), the radiation efficiencies,
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TABLE 4. Measurement result comparison of the proposed quasi-isotropic antenna and previous quasi-isotropic antennas.

Ant. Fr&‘}[‘gz]“y ka Height Baifii\igﬁga[l% , e Efﬁ[f,}:]my Peak Gain [dBi] Devi:t}fo‘;‘ (dB]
[2] 888 0.41 Mo/51.97 1.8 No 89 2.12 5.6
[3] 900 and 1800 1.16 o/7.6 8.9 and 34.4 Yes N/A 1.8 8.9and 9.9
[4] 930 0.51 Xo/10.08 N/A Yes 72 0.5 N/A
[5] 2450 0.73 Ao/157.5 0.99 No 90 1.1 3.14
[6] 2450 1.63 Ao/153.06 20.8 No 82 2.3 5.75
[7] 2010 2.73 o/41.6 18 No N/A N/A 12.9
[8] 2450 1.16 ho/122.44 11 No N/A 1.69 6.67
This Work 959 0.48 Xo/82.32 2.4 Yes 81 0.4 4.5
Total Gain [dBi] design was tuned for its prototype fabrication using 3DP
<= ?6?](.)6 and copper plating technologies. Although this was important
-0.72 in the realization of this work, such the tuning procedure
-:izég would be minimal if metal 3DP technology could provide
_ -2.41 highly selective printing and comparable conductivity to a
%" } I:i:gz bulk copper in the future. The development of a state-of-the-
= -4.10 art hybrid 3DP technology is also ongoing and is worth to be
E tracked for this reason.
=

0 60 120 180 240 300 360
Phi [deg]

FIGURE 9. Measured gain deviation.

and the gain deviations of previously reported quasi-isotropic
antennas with those of the antenna presented in this work.
Note that all the listed values are from the measurement. It can
be said that the gain deviation of the proposed antenna is com-
petitive given its small electrical size and thin height. It also
shows a good performance in terms of its compactness and
radiation properties among the other quasi-isotropic antennas
created using 3DP technology.

IV. CONCLUSION

In this paper, we proposed a simple yet novel configuration
of an ESA showing a quasi-isotropic radiation pattern. Two
layers of the meandered line with an extended arc from
each arm of the dipole form an electric dipole with a loop
surrounding it. The prototype of the design was 3D printed,
and the proposed design was updated to be copper plated.
It was observed from the measured results that the antenna
is self-resonant at 959 MHz and shows a maximum gain
deviation of 4.5 dB with a radiation efficiency of 81 %, which
is close to the computed expectations. The electrical size ka
was measured to be 0.48, with a height of 1(/82.32.

It is worth noting that modern 3DP and copper plating
technologies are able to prototype almost any complex and
highly customized antenna shapes with desirable electrical
properties when used with care. Herein, the initial antenna
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