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ABSTRACT In this paper, a three-dimensional (3-D) printed spherical antenna with bandwidth enhancement
under the operation of TM101 and TM211 modes is presented. The antenna is started from a metallized
spherical cavity with a rectangular feed waveguide. Then, some slots are suitably introduced on its sidewall.
With the help of these introduced slots, two resonant modes (TM101 and TM211) can be excited simulta-
neously and merged with each other, resulting in a wideband radiation characteristic with two resonances.
An antenna prototype operating at X and Ku bands is designed and implemented as proof of concept. The
antenna is additively manufactured by incorporating polymer-based stereolithography and electroless copper
plating techniques. Measured results show that the antenna not only owns a wide impedance bandwidth
of 40.9% from 9.77 to 14.81 GHz, but also maintains stable radiation patterns over the operating band.
Besides, the measured average gain is as high as 10.1 dBi. As the measured results are in good agreement
with the simulated ones, a simple and effective design of 3-D printed wideband spherical antenna with high
radiation performances is verified.

INDEX TERMS Spherical antenna, 3-D printed, waveguide-fed, wideband antenna.

I. INTRODUCTION
Due to the desirable advantages, such as high radiation gain,
low loss, high power handling capacity, and simple feeding,
waveguide slot antennas have been widely used in mod-
ern telecommunication systems [1]. Various slot antennas
based on annular [2], cylindrical [3], and rectangular waveg-
uides [4] have been reported in open literature. However, such
reported antennas suffer from intrinsically narrow operation
bandwidth duo to only a single radiation mode excited and
employed, which will restrict their applications in the high
data-rate wireless communication systems.

Two methods have been reported to date to improve
bandwidth of the waveguide slot antennas. The first one
is to use rectangular ridge waveguide [5], [6]. By separat-
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ing the array into two subarrays, the antennas’ impedance
bandwidth can be broaden. The second one is to use mul-
tilayer and corporate-fed structure [7]–[9]. It was real-
ized with the help of diffusion bonding of laminate thin
metal plates. Unfortunately, the slot antennas based on
these two methods are not only difficult and expensive
to fabricate, but also own limited impedance bandwidth
from 7.8% to 30%.

To further increase the bandwidth, one of the alterative
methods is to merge some radiation modes together, which
has been extensively studied in patch antennas [10]–[12].
However, few literatures have suggested this method to
increase the bandwidth of the waveguide slot antennas. The
reason is that the cross polarization and radiation patterns of
the antenna will be deteriorated significantly when the extra
slots are introduced on the waveguide for exciting high-order
modes.
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It is known from [13] that there are diverse resonant modes
exist in a metal spherical resonator. It is promising to realize
a spherical cavity based wideband antenna by merging some
radiation modes together without degrading radiation perfor-
mance. Pioneering studies on theory and analytical calcula-
tion of the radiation performance for slotted spherical cavities
have been presented in [14]–[18]. However, few practical
slotted spherical antennas have been demonstrated. One of
the important reasons is that the fabrication of these derives
through conventional manufacturing technology is a great
challenge.

With the rapid development of three-dimensional (3-D)
printing technology, an alternative solution for the implemen-
tation of microwave antennas has been provided [19], [20].
It presents many attractive advantages over the traditional
subtractive manufacturing techniques, such as, higher man-
ufacturing accuracy and efficiency, lower cost, and more
flexibility in structural design. By 3-D printing, monolithi-
cally manufacturing of the devices can be achieved, and the
performance degradation due to assembly can be avoided.

As one of the 3-D printing techniques, stereolithography
apparatus (SLA) features a high printing resolution and a
small surface roughness, which has been widely utilized
to fabricate high performance microwave devices, such as,
slotted waveguide array [21] and spherical resonator based
waveguide filters [22], [23]. These devices are initially
formed by curing photosensitive resin layer by layer, and then
surface-metallized with high conductive metal, such as, cop-
per. Therefore, it is feasible to fabricate a practical spherical-
cavity-based slot antenna component by 3-D printing.

In this paper, a 3-D printed spherical antenna under the
operation of TM101 and TM211 resonant modes is proposed
toward its bandwidth enhancement under dual resonance. By
symmetrically and suitably cutting five circumferential slots
on the shell of a metallized spherical resonator, two resonant
modes TM101 and TM211 can be excited simultaneously and
mergedwith each other, resulting in a wideband characteristic
with two resonances. A prototype is fabricated monolithi-
cally by incorporating SLA and electroless copper plating
techniques. Measured results show that the antenna not only
provides a wide fractional bandwidth (FBW) of 40.9% from
9.77 to 14.81 GHz, but also maintains stable radiation pat-
terns over the operating band. Furthermore, due to the use of
low-density resin as the building material, the weight of the
antenna is dramatically reduced compared to the conventional
metal ones. To the best knowledge of authors, the slot-loaded
wideband spherical antenna designed by merging two radia-
tion modes together have not been reported.

II. DESIGN OF THE SLOTTED SPHERICAL ANTENNA
A. ANTENNA GEOMETRY
Fig. 1 depicts the geometry of the proposed slot-loaded spher-
ical antenna. Seen from it, the proposed antenna, which is
fed by a rectangular waveguide through a coupling window,
is mainly constructed by ametallized spherical resonator with

FIGURE 1. Simplified geometrical illustrations of the proposed slotted
spherical antenna. The waveguide flange is excluded in the illustrations.
(a) The yoz -plane view. (b) The xoy -plane view. (c).The xoz-plane view.

five circumferential slots. The slot size is determined by the
widthWS and angle α, and the spacing between adjacent slots
is W1. The length of the feed waveguide is c, and the size of
the coupling window is b × W2. twall is the shell thickness
of the antenna. Since the antenna is designed to operate at X
andKu bands, the model of the feed waveguide is correspond-
ingly selected as WR-90. The parameters of a and b repre-
sent the lengths of the waveguide broad and narrow walls,
respectively.

B. RESONANT MODES
To better understand the working mechanism of the antenna,
the resonant modes in an air-filed metal spherical cavity are
analyzed. The fundamental mode and first spurious mode
of the spherical resonator are TM101 and TM211, respec-
tively [13]. The eigenmode frequencies of these two modes
are mainly determined by inner radius of the spherical res-
onator, and their values can be calculated by using the
equations (1) and (2)

fTM101 =
ωTM101

2π
=

y11
2πr
√
µε
, (1)

fTM211 =
ωTM211

2π
=

y21
2πr
√
µε
, (2)

where ωTM101 and ωTM211 are the corresponding natural
angular frequencies, r is the inner radius of the spherical res-
onator, y11 and y21 are the roots of Bessel function. By look-
ing up the mode chart in [13], the values of y11 and y21 for
TM101 and TM211 modes are found to be 2.744 and 3.870,
respectively. The parameters µ and ε are permeability and
permittivity of the dielectric filled in the resonator. In free
space, the resonant frequency of the two aforementioned
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FIGURE 2. Calculated and EM-simulated eigenmode resonant frequencies
of the TM101 and TM211 modes versus the inner radius of the metal
spherical cavity resonator.

modes can be simplified as (3) and (4)

fTM101 ≈ 1.3102× 1011/r (3)

fTM211 ≈ 1.8478× 1011/r (4)

Here, the unit of f is Hz and r is millimeter. The calculated
and EM-simulated eigenmode frequencies of the TM101 and
TM211 modes under different radius r are plotted in Fig. 2.
The numerical calculation was carried out in MATLAB [24].
It is obvious that the resonant frequencies for each modes is
mainly determined under a specified value r . In this design,
the inner radius r is 12.9 mm. Thus, the modes TM101 and
TM211 are operating at X and Ku bands, respectively.

C. RADIATION PRINCIPLE
Fig. 3 shows the simulated surface current distribution of the
TM101 and TM211 modes on a waveguide-fed metal spheri-
cal cavity. The surface current distribution was obtained by
using ANSYS high frequency structure simulator (HFSS),
version 18.2 [25]. It can be seen from yoz-plane in Fig. 3, the
current distribution of these two modes has the same direc-
tion in the blue dashed area and is almost perpendicular to
the xoy-plane. Therefore, when some slots are cut on the
blue dashed area and along the direction perpendicular to the
current line to interrupt the current distribution, these two
modes can be radiated simultaneously and a vertical linearly
polarized electrical filed can be generated. One thing should
be noted that when the slot is cut such that the long dimension
runs along the current direction, only a small perturbation
to the current distribution is produced, theoretically, little
radiation is generated under this case [26]. Besides, if the long
dimension of the slot is not perpendicular to the current direc-
tion, a horizontally polarized electric field component will be
introduced, and thus the cross polarization of the antenna will
be deteriorated. So, in order to ensure the cross-polarization
as low as possible, all the slots in this design are loaded in an
orientation perpendicular to the current directions, as shown
in Fig. 1.

FIGURE 3. Simulated surface current distribution of the TM101 and TM
211 modes in a waveguide-fed spherical cavity resonator with inner
radius r = 12.9 mm and shell thickness twall = 2 mm. (left: yoz-plane;
right: xoy -plane).The waveguide flange is excluded in the illustrations.
(a) The TM101 mode.(b) The TM 211 mode.

TABLE 1. Critical parameters of the proposed waveguide-fed slotted
spherical antenna.

More importantly, it is found that the resonant frequencies
of the TM101 and TM211 can be merged together by elab-
orately adjusting the size of the slot and coupling window,
so that the bandwidth of antenna can bewidened significantly.

D. ANTENNA ANALYSIS AND PARAMETRIC STUDIES
In this paper, when one parameter is studied, the other param-
eters are fixed as listed in Table. I. The antenna analysis
was performed numerically using HFSS. Copper (electrical
conductivity of 5.96 × 107 S/m) boundary was used in the
simulation of this work.

A graphical comparison of the reflection coefficient under
different slots number N is illustrated in Fig. 4. Obviously,
two resonant modes can be observed in these three cases. The
lower resonance frequency relates to TM101 mode, while the
higher resonance frequency relates to TM211 mode. Besides,
it can be seen clearly that the reflection coefficient of TM211
increases significantly as N increases.

Next, the effect of the slot width on the resonant fre-
quency of TM101 and TM211 modes is investigated. In Fig. 5,
the reflection coefficients of the proposed antenna respect
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FIGURE 4. Simulated reflection coefficient under different slot
numbers N.

FIGURE 5. Simulated reflection coefficient under different slot width WS .

to different slot width WS are plotted. It can be observed
that the resonant frequency of TM101 tends to move upwards
gradually with the increase of slot widthWS, while the one of
TM211 is rarely changed. It provides the possibility to merge
the resonant frequencies of these two modes by suitably
selected the value ofWS.

The reflection coefficient with respect to different length of
coupling windowW2 is illustrated in Fig. 6. The results show
that the impedance matching of TM101 can be improved by
adjustingW2. WhenW2 equals to 17.8 mm, the resonant fre-
quencies of TM101 and TM211 can be well merged, resulting
in a wide impedance bandwidth.

Fig. 7 shows the reflection coefficient under different width
of adjacent slots W1. It is observed that changing W1 has
an opposite effect on the resonant frequencies of TM101 and
TM211. In order to keep the resonant frequencies of these two
modes as close as possible, W1 was set to be 1.0 mm. One
thing should be noticed that when W1 is less than 1.0 mm,
the antenna will not be easy to manufacture due to its fragile
structure.

The relationships between the realized gain and the slot
parameters are also investigated. The simulated realized gain

FIGURE 6. Simulated reflection coefficient under different length of
coupling window W2.

FIGURE 7. Simulated reflection coefficient under different width of
adjacent slots W1.

FIGURE 8. Simulated realized gain of the proposed antenna at 11.5 GHz
versus the slot angle α under different slot width WS .

versus the slot angle α under different slot width WS at
11.5 GHz is depicted in Fig. 8. Seen from it, the realized gain
would be increased largely when WS increases from 1.5 mm
to 3.5 mm. However, it has been demonstrated that after WS
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exceeds 3.5 mm, continuing to increaseWS does not increase
the realized gain significantly, but weaken the mechanical
strength of the antenna. To tradeoff the antenna performances
and mechanical strength, WS is selected as 3.5 mm. The slot
angle α is also an important parameter effecting the realized
gain of the antenna. It is interesting that the realized gain has
a tendency to increase first and then decrease as α increases
from 50 to 260 degrees, and reaches the maximum at
about α = 190◦.
The shell thickness of the antenna is twall. Theoretically,

if the inner radius of the spherical resonator is determined,
the parameter of twall has little effect on antenna performance.
In this design, twall was set to be 2.0 mm, whose aim is not
only to ensure sufficient mechanical strength, but also to save
fabrication costs.

According to the above analysis, the final dimensions of
the proposed antenna are determined and the values of all the
parameters are listed in Table 1. Fig. 9 shows the simulated
3-D radiation patterns at 10.2 GHz, 11.4 GHz, 12.2 GHz
and 14.8 GHz respectively. Apparently, stable directional
radiation patterns can be obtained over the entire impedance
bandwidth.

III. ANTENNA FABRICATION
The devised antenna was additively manufactured by incor-
porating resin-based SLA and electroless copper plating pro-
cess. Similar manufacturing approaches have been reported
in the fabrication of microwave devices [22], [23]. The 3-D
printed antenna in this work has the following advantages:
1. The manufacturing efficiency is significantly improved.
2. Errors caused by assembly can be avoided. 3. The weight
of the antenna is highly reduced without sacrificing any RF
performances.

A. SLA PRINTING
Soildworks [27] can be used to export a stereolithography
(STL) format design file, which can be directly used for 3-D
printing. The antenna model was placed in an orientation as
illustrated in Fig. 10 for the SLA printing. Such an orientation
allowed monolithic 3-D printing of the entire antenna struc-
ture with minimized use of resin supporting material, and the
little resin support was used near the feeding window and
at bottom of the waveguide flange. The resin support could
be removed easily after the 3-D printing process. The SLA
printing was carried out in a vertical printing resolution of 50
µm. The feeding waveguide and its flange were mated to
the antenna during printing process, so no further assembly
is required after printing. The ceramic-filled photosensitive
resin Somos PerForm [28] was used as the printing materials
in this design due to high mechanical strength and high
thermal handling capability.

B. SURFACE METALLIZATION
After the 3-D printing process was completed, surface metal-
lization process was carried out by electroless plating. In the
metallization process, a 10 µm thick conductive layer of

FIGURE 9. Simulated 3-D radiation patterns of the proposed antenna. (a)
At 10.2 GHz. (b) At 11.4 GHz. (c) At 12.2 GHz. (d) At 14.8 GHz.

FIGURE 10. Photographs of the antenna before and after plating. (a)
Before plating. (b) After plating.

copper was plated on the resinmodel. The thickness of copper
is 10× larger than the skin depth (≈0.729 µm) calculated
at 8 GHz. The sufficient copper thickness ensures good con-
ductivity and reduces the loss from copper. To minimize the
tolerance induced by the plated copper, a structural com-
pensation was performed to the electronic model before the
3-D printing, where a 10-µm thick layer was subtracted. The
fabricated antenna prototype before and after copper plating
are shown in Fig. 10.

The 3-D printed antenna prototype has size of
42.0 mm × 42.0 mm × 33.0 mm (including the waveguide
flange) and a light weight of 14.1 g due to the low density
(1.61 g/cm3 at 25 ◦C) of the utilized resin.

IV. MEASUREMENT AND DISCUSSION
The reflection coefficient and radiation patterns of the fab-
ricated antenna are measured with Keysight N5224A vector
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FIGURE 11. Photographs of the measurement setups in the anechoic
chamber. (a) In the measurement at X band. (b) In the measurement
at Ku band.

FIGURE 12. Simulated and measured reflection coefficient (S11 ) of the
proposed antenna with its simulated radiation efficiency.

network analyzer and an anechoic chamber, respectively. The
RF performance at X and Ku bands was measured individu-
ally. In the measurement atKu band, the antenna wasmated to
aWR62waveguide-to-coax adapter through an X -to-Ku band
waveguide taper. The measurement setups in the anechoic
chamber is shown in Fig. 11.

The simulated and measured reflection coefficients are
graphically compared in Fig. 12, showing excellent agree-
ment that indicates high precision of the employed fabrication
process. The result shows a wide operational bandwidth of
the antenna from 9.77 to 14.81 GHz with a measured in-band
reflection coefficient lower than -10 dB. This corresponds to a
FBW of about 40.9%. The simulated in-band total efficiency
of the antenna, as plotted in Fig. 12, is higher than 90%. The
loss mainly comes from the roughness of the surface of the
copper plating layer. The out-of-band total efficiency is much
lower due to the degraded reflection coefficient. The practical
efficiency is not obtained due to limitation of the chamber.

Fig. 13 shows the measured normalized radiation patterns,
which also agree well with the simulated results. Apparently,
directional radiation patterns are realized within the opera-
tional bandwidth. The measured cross polarization is mostly
15–20 dB lower than the measured co-polarization. The sim-
ulated and measured in-band realized gains of the antenna are

FIGURE 13. Simulated and measured normalized radiation patterns of
the proposed antenna.(a) E-plane at 10.7 GHz. (b) H -plane at 10.7 GHz.
(c) E-plane at 12.2 GHz. (d) H -plane at 12.2 GHz. (e) E -plane at 14.8 GHz.
(f) H -plane at 14.8 GHz.

FIGURE 14. Simulated and measured realized gain of the proposed
antenna.

shown in Fig. 14. The measured in-band realized gain is in a
range of 8.8–11.3 dBi and agrees with the simulated values.

A quantitative comparison in major specifications of the
demonstrated antenna with several waveguide slot antennas
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TABLE 2. Comparison with previously reported works.

and multi-mode antennas is summarized in Table 2. From it,
it is apparent that the proposed antenna is featured as widest
operation bandwidth with excellent radiation characteristic.

V. CONCLUSION
In this paper, a slot-loaded wideband spherical antenna under
the operation of TM101 and TM211 modes is proposed, imple-
mented and measured. By suitably etching some slots on the
shell of a spherical resonator, two resonantmodes (TM101 and
TM211) are excited and merged with each other, resulting in
a wideband characteristic with two resonances. The antenna
prototype operating at X and Ku bands is monolithically 3-D
printed, featuring a light weight of 14.1 g, eliminated assem-
bly tolerance, and simply fabrication process. The antenna
demonstrates good directional radiation patterns in a wide
FBW of 40.9%with an in-band realized gain of 8.8–11.3 dBi.
Good agreement between the simulated and measured results
indicates high precision of the utilized SLA printing and
copper plating processes.
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