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ABSTRACT This paper first proposes a 3D printed, compact, low-profile, ultra-wideband (UWB) antenna
with vertically polarized omnidirectional radiation characteristics. The antenna is composed of one triangular
feeding structure, one triangular shorted structure, a common capacitive top hat, and two parasitic metallic
pins. Compared with traditional UWB antennas with symmetrical configuration, the proposed UWB antenna
is a three-dimensional version of inverted ‘‘F’’ with asymmetrical structure. The proposed antenna can realize
compact aperture and low profile (0.19λL × 0.19λL × 0.06λL , where λL is the free-space wavelength of the
lowest operating frequency). Two parasitic pins are utilized to enhance the omnidirectionality of the antenna
in the azimuth plane. The impedance bandwidth is greater than 10:1 (2.96–30 GHz) for VSWR< 3, and the
bandwidth with horizontal radiation pattern ripple better than ±5 dB is more than 4.9:1 (2.96–14.5 GHz).
Second, this UWB design is modified to realize dual bands with a deep band-notch by adding a split gap
inside the antenna. The proposed band-notched antenna is designed with the bandwidth of 2.4–2.5 and
5–10 GHz for VSWR < 2 with good horizontal radiation pattern omnidirectionality, which can be used
for 2.4/5 GHz WLAN applications. The prototypes of the proposed UWB and band-notched antennas are
fabricated by metallic 3D printing, and the simulated and measured results meet well.

INDEX TERMS Ultra-wideband (UWB), omnidirectional, vertically polarized, band-notch, 3D printing.

I. INTRODUCTION
Because the ultra-wideband (UWB) antennas can radiate
efficiently over large frequency bands and demonstrate con-
sistent radiation characteristics in the whole operating fre-
quency band, they have been applied in various fields, such
as the wireless communications, sensing, radar systems and
microwave imaging. The physical size of an UWB antenna
could be very large, since the size of the UWB antenna is pri-
marily determined by its lowest operating frequency. More-
over, in some low-frequency applications, such as themilitary
communications at HF, VHF and UHF bands, UWB antennas
with monopole-like radiation patterns, namely the vertically
polarized omnidirectional radiation patterns, are required.

The associate editor coordinating the review of this manuscript and
approving it for publication was Abhishek Kandwal.

Low profile and small overall volume are extremely impor-
tant in these applications.

Numerous types of UWB antennas with monopole-like
radiation patterns have been reported in references [1]–[22].
The monopole antenna placed above a flat ground plane
is the conventional way to achieve the monopole-like radi-
ation patterns [1]–[6]. The eye-shaped monopole antenna
is designed and fabricated in [1] to cover 3-20 GHz for
VSWR < 1.5. The works [2]–[5] utilize conical monopole
to realize vertically polarized omnidirectional patterns for
ease of design and fabrication. The body-of-revolution (BoR)
monopole antenna with specified radiation objectives and
size constraints is designed using algorithm and optimization
in [6]. Although these monopole antennas can achieve good
performance, the height of the antennas are around λL /4 (λL is
the free-space wavelength of the lowest operating frequency),
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which is relatively high and unsuitable for the applications
with low profile.

In order to reduce the profile and volume of antenna,
several techniques are employed in [7]–[19]. The capacitive
ceiling-mount loading [7], [8] is adopted to lower the profile
to 0.18λL . The antennas in [9], [10] use the capacitive top
hat with four shorted posts to realize low profile of around
0.07λL . The antennas with shorted parasitic ring are fed by
a crossed plate feeding structure [11] or BoR feeding struc-
ture [12]–[15] to achieve ultra-wide impedance bandwidth.
The parasitic top ring with the meander line and the dielectric
material is utilized in [15] to reduce the lowest frequency of
operation with a diameter of 0.115λL . The works in [16]–[19]
utilizing the triangular feeding structure and a top hat with
two shorted posts can realize lower profile or more com-
pact size. The antenna in [17] can reduce the profile down
to 0.033λL , and the lateral diameter of the antenna in the
azimuth plane in [19] is miniaturize to 0.14λL . In order to
compensate the radiation pattern distortion in the higher band,
the work [18] realizes UWB monopole-like radiation charac-
teristics by utilizing two antennas and an extra duplexer.

To further reduce the antenna profile and overall volume of
UWB antennas, some designs [20]–[22] with extremely com-
pact size have been reported for some specific applications.
However, these designs use either resistive loading [20], [21]
or lossy ferrites [22] loaded inside the antennas to achieve
improved impedance matching at the cost of low realized
gains.

In this paper, we firstly propose a 3D printed, com-
pact, low-profile, UWB antenna with monopole-like radi-
ation characteristics. Compared with the aforementioned
UWB antennas with symmetrical structure, the proposed
UWB antenna is a three-dimensional version of inverted
‘‘F’’ with asymmetrical structure. The antenna consists of
one triangular feeding structure, one triangular shorted struc-
ture, a common capacitive top hat and two metallic parasitic
pins. The proposed antenna can realize compact aperture and
small volume (0.19λL × 0.19λL × 0.06λL). Two parasitic
pins are utilized to improve the horizontal pattern ripples
(±5 dB) of the antenna. The impedance bandwidth is over
10:1 (2.96-30 GHz) for VSWR < 3, and the bandwidth with
horizontal radiation pattern ripple < ±5 dB is greater than
4.9:1 (2.96-14.5 GHz). Secondly, the proposed UWB design
is also modified to realize dual bands with a deep band-notch
by adding a split gap inside the antenna. Without changing
other parameter values, the proposed band-notched antenna
can realize the bandwidth of 2.4-2.5 and 5-10 GHz for
VSWR < 2 with good omnidirectional performance, which
can be used for 2.4/5 GHzWLAN applications. The proposed
UWB and band-notched antennas are fabricated by metallic
3D printing as demonstrations.

Four sections constitute this paper. Section II discusses
the proposed UWB antenna. The band-notched antenna for
WLAN applications is presented in Section III. Section IV
summarizes the results obtained in this paper. The analysis is
performed using 3D EM simulation software Ansys HFSS.

FIGURE 1. The overall structure of the proposed UWB antenna.

FIGURE 2. Detailed structure of the proposed UWB antenna. (a) Front
side view. (b) Top view. (c) Right side view. (Lg = 100 mm, L1 = 19 mm,
H1 = 6 mm, H2 = 3.8 mm, T1 = 3 mm, T2 = 13 mm).

II. DESIGN OF UWB ANTENNA
A. STRUCTURE OF UWB ANTENNA
The overall structure of the proposed UWB antenna is shown
in Fig. 1. It is composed of one triangular feeding structure,
one triangular shorted structure, a common capacitive top hat
and two metallic parasitic pins. The antenna is fabricated by
copper 3D printing with the thickness of 1 mm. The detailed
geometry of the UWB antenna is presented in Fig. 2. The
square top hat with the length L1 = 19 mm is placed on
the middle of the circular ground. One side of the triangular
feeding structure is connected in the middle of the top hat and
fed by the coaxial cable below one corner of the top hat. The
shorted structure is in right trapezoid shape and perpendicular
with the top hat. The top hat, the feeding structure and the
shorted structure intersect in one straight line. Two parasitic
pins with the height ofH2 are placed at the location of (1mm,
−9.5mm) and (7.5mm, 5mm) in the XOY plane inside the
antenna over the metallic ground.

B. ANALYSIS OF UWB ANTENNA
In order to demonstrate the design evolution of the pro-
posed UWB antenna, three antennas, Ant. I, Ant. II and
Ant. III, are simulated and shown in Fig. 3(a), (b) and (c),
respectively. Ant. I is the UWB antenna in [17] with
symmetrical configuration utilizing two triangular feeding
structures, two shorted structures and a square top hat.
Ant. II is the proposed UWB antenna without parasitic metal-
lic pins, and is the three-dimensional version of inverted ‘‘F’’
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FIGURE 3. Three antennas. (a) Ant. I. (b) Ant. II. (c) Ant. III.

FIGURE 4. Simulated VSWRs of three antennas.

with asymmetrical structure. Ant. III is the proposed UWB
antenna with two parasitic metallic pins.

These three antennas are simulated and optimized to
work in the same operating frequency bands. The simu-
lated VSWRs of three antennas are depicted in Fig. 4. The
impedance bandwidths of three antennas are all more than 5:1
(3-15 GHz). The realized gains in the azimuth plane (XOY)
of three antennas are displayed in Fig. 5. Although Ant. I
can achieve good omnidirectional performance in the lower
band, the radiation patterns at the higher frequencies are
distorted due to the high resonant modes. The realized gain
in the azimuth plane is smaller than −10 dBi at 8 GHz.
The radiation pattern splits into two beams at 11 GHz,

FIGURE 5. Realized gains in the azimuth plane (XOY) of three antennas.
(a) Ant. I. (b) Ant. II. (c) Ant. III.

and splits into four beams at 14 GHz. Ant. II with asym-
metrical structure can generate more stable realized gain
in the azimuth plane. However, there are distortions at the
frequencies over 11 GHz. Ant. III (proposed UWB antenna)
can realize good omnidirectionality over 3-14 GHz by intro-
ducing two parasitic pins to compensate the distortion in the
high frequency bands.
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FIGURE 6. Normalized realized gain in the azimuth plane (XOY) of the
proposed UWB antenna.

FIGURE 7. Simulated VSWR and average realized gain in the azimuth
plane of the proposed UWB antenna.

The normalized realized gain in the azimuth plane (XOY)
of the proposed UWB antenna is shown in Fig. 6. The
bandwidth of the proposed antenna with horizontal radiation
omnidirectionality ripple better than ±5 dB is more than
3-14.5 GHz. The VSWR and average realized gain in the
azimuth plane of the proposed antenna are presented in Fig. 7.
The impedance bandwidth is greater than 10:1 (2.96-30 GHz)
for VSWR < 3. The realized average gain in the azimuth
plane is around −3 dBi for 3-10 GHz (UWB application).

C. PERFORMANCE OF UWB ANTENNA
The prototype and fabrication of the proposed UWB antenna
are shown in Fig. 1 and Fig. 8, respectively. The pro-
posed antenna is fabricated using 3D printing, as presented
in Fig. 8 (a). The measurements are implemented by the
Agilent network analyzer (Agilent N5230A) and far-field
measurement system (NSI 2000) in the anechoic chamber,
as shown in Fig. 8(b).

The simulated and measured VSWRs and realized peak
gains in the azimuth plane (XOY) of the proposed antenna
are displayed in Fig. 9. The impedance bandwidth of the
proposed antenna is over 3-15 GHz. The realized peak gain in
the azimuth plane is from −4 to 2.5 dBi. The simulated and

FIGURE 8. The fabrication of the proposed UWB antenna. (a) Photograph.
(b) Measurement in the anechoic chamber.

FIGURE 9. Simulated and measured VSWRs and realized peak gains in the
azimuth plane of the proposed antenna.

FIGURE 10. Vertically and horizontally polarized normalized gains in the
azimuth plane at (a) 3 GHz, (b) 6 GHz, (c) 9 GHz, and (d) 14.5 GHz.

measured normalized gains with vertically and horizontally
polarization in the azimuth plane at 3 GHz, 6 GHz, 9 GHz
and 14.5 GHz are shown in Fig. 10. The bandwidth of the
proposed UWB antenna with omnidirectionality better than
±5 dB is over 3-14.5 GHz. The measured results agree well
with the simulated ones. The deviation between the simulated
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FIGURE 11. The proposed band-notched antenna. (a) Perspective view.
(b) Side view. (Ls = 18.5 mm, Hs = 0.5 mm, H1 = 6 mm).

results andmeasured ones ismainly because of the fabrication
tolerance.

III. ANALYSIS OF BAND-NOTCHED ANTENNA
A. STRUCTURE OF BAND-NOTCHED ANTENNA
In order to introduce a deep notched band, the UWB
antenna is modified by adding a split gap inside the antenna
without changing other parameter values. As the proposed
band-notched antenna is shown in Fig.11, the split gap with
the length Ls of 18.5 mm and the height Hs of 0.5 mm is
placed between the capacitive top hat and the feeding and
shorted structures.

B. ANALYSIS OF BAND-NOTCHED ANTENNA
The simulated VSWRs, radiation efficiencies and realized
peak gains in the azimuth plane (XOY) of the UWB and the
band-notched antennas are displayed in Fig. 12(a), (b) and (c),
respectively. It can be seen fromFig. 12(a) that a deep notched
band can be achieved at 3.5 GHz with the impedance band-
width of 2.4-2.5 and 5-12 GHz for VSWR < 2. As depicted
in Fig. 12(b), the radiation efficiency of the notched band is
suppressed and the efficiency for 2.4/5 GHz WLAN bands
are better than 89%. Fig. 12(c) shows that the horizontal
realized peak gain at 3.5 GHz is suppressed from−1.6 dBi to
−25 dBi, and the gain for 2.4-2.5 GHz can be improved
to 0 dBi.

Two important parameters, the length Ls and the height
Hs of the split gap, are analyzed to study the impacts on
VSWR of the proposed band-notched antenna, as presented
in Fig. 13(a) and (b), respectively. Fig. 12(a) shows that by
increasing the length Ls, the notched band and the lowest
operating frequency can be moved towards the lower fre-
quency. So, large Ls value is chosen tominiaturize the antenna
and have the notched band resonant at 3.5 GHz. Fig. 12(b)
displays that when the height Hs increases from 0.2 mm to
0.8 mm, the bandwidth of the notched band would become
larger, and the lowest operating frequency moves downwards
the lower frequency. Therefore, suitable Hs value is adopted

FIGURE 12. Simulated (a) VSWRs, (b) radiation efficiencies and
(c) realized peak gains of the proposed UWB and band-notched antennas.

to determine the bandwidth of the notched band and achieve
two operating bands for the 2.4/5 GHz WLAN applications.

C. PERFORMANCE OF BAND-NOTCHED ANTENNA
The prototype and fabrication of the proposed band-notched
antenna are shown in Fig. 11 and Fig. 14, respectively. The
proposed band-notched antenna is also fabricated using 3D
printing and installed on a metallic ground.

The simulated and measured VSWRs and realized
peak gains in the azimuth plane (XOY) are plotted
in Fig. 15(a) and (b), respectively. The measured notched
band is centered at 3.4 GHz, as displayed in Fig. 15(a). The
measured impedance bandwidth of the proposed antenna is
2.4-2.5 GHz and 5-10 GHz for VSWR< 2. Fig. 15(b) shows
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FIGURE 13. Impacts of (a) Ls and (b) Hs on VSWR of the proposed
band-notched antenna.

FIGURE 14. The fabrication of the proposed band-notched antenna.
(a) Photograph view. (b) Measurement in the anechoic chamber.

that the realized peak gain at 3.5 GHz is suppressed from
−1.6 dBi to −25 dBi, and the gain for 2.4-2.5 GHz can
be improved to 0 dBi. The measured results meet well with
the simulated ones. The deviation between the simulated and
measured results is mainly due to the fabrication tolerance.

The simulated and measured normalized gains with
vertically and horizontally polarization in the azimuth
plane (XOY) at 2.4 GHz, 5 GHz, 6 GHz and 10 GHz are
depicted in Fig. 16. The horizontal radiation pattern omni-
directionality ripple of the proposed band-notched antenna is
better than ±5 dB for 2.4-2.5 GHz and 5-10 GHz, which can
be used in the WLAN applications.

Table I displays the comparison among the two pro-
posed antennas and other UWB antennas. All the reference
antennas have UWB bandwidth with monopole-like radi-
ation patterns. As discussed in the Introduction, works
in [7], [8] using capacitive ceiling-mount loading have

FIGURE 15. Simulated and measured (a) VSWRs and (b) realized peak
gains in the azimuth plane of the proposed band-notched antenna.

FIGURE 16. Vertically and horizontally polarized normalized gains in the
azimuth plane at (a) 2.4 GHz, (b) 5.2 GHz, (c) 5.8 GHz, and (d) 10 GHz.

relatively large volume. Antennas in [9]–[15] utilize capaci-
tive top hat with four shorted posts to realize compact size and
low profile. The work [15] miniaturizes the omnidirectional
antenna using dielectric material and meander shorted lines
with kmina = 0.68. Works [16]–[19] use capacitive top hat
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TABLE 1. Comparison of Different Antennas.

with only two shorted posts to realize compact volume, and
the work [18] utilizes two antennas and an extra duplexer to
compensate the radiation pattern distortion in the higher band.
The proposed UWB antenna can achieve electrically small
size and UWB characteristic with good omnidirectionality
without extra matching circuit. Two parasitic pins are utilized
to improve the radiation pattern ripple performance in the
azimuth plane. Moreover, the UWB antenna can be modified
to realize dual-band characteristic with a deep band-notch for
2.4/5 GHz WLAN applications.

IV. CONCLUSION
Firstly, a 3D printed, compact, low-profile, UWB antenna
with monopole-like radiation characteristics is proposed in
this paper. The proposed UWB antenna can realize small
volume of 0.19λL × 0.19λL × 0.06λL . The impedance
bandwidth is over 10:1 (2.96-30 GHz) for VSWR < 3,
and the horizontal radiation pattern ripple is better than
±5 dB for 2.96-14.5 GHz. Secondly, this UWB design is
also modified to realize dual bands with a deep band-notch
by adding a split gap inside the antenna. The proposed
band-notched antenna is designed with the bandwidth of
2.4-2.5 and 5-10 GHz for VSWR < 2 with good omnidirec-
tional performance, which can be used for 2.4/5 GHzWLAN
applications.
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