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Abstract - In this paper, a wideband quadrangular pyra-
mid conformal printed dipole antenna is designed, man-
ufactured, and tested. The proposed antenna comprises
four dipoles pointing in different directions and four
pairs of parasitic patches. Each dipole and pair of par-
asitic patches are placed on one side of the pyramid. The
simulated impedance bandwidth exceeds 26% (S11 <
—10 dB), with the conformal taper varied from 0° to 20°.
Omnidirectional radiation characteristics can be realized
within the working bandwidth. The prototype of the pro-
posed antenna with 10° taper is fabricated and measured.
Moreover, the results show that the operating frequency
band is 2.28-3.58 GHz in the S-band. The size of the fab-
ricated antenna is 35 x 35 mm?. The conclusion is that
the simulation and test results of the 10° taper antennas
are highly consistent.

Index Terms — conformal, multi-taper, omnidirectional.

L. INTRODUCTION

To achieve communication, detection, navigation,
and other functions, various antenna types are required
for a single piece of equipment. The advantage of reduc-
ing the influence on the aerodynamic performance of
mobile carriers was shown by the conformal antenna due
to it fitting closely to the surface of the equipment. They
have therefore been widely used in military and civilian
applications such as unmanned aerial vehicles [[1]], mis-
sile heads, borehole radar [2], global satellite navigation
systems (GSNS) [3]], wearable devices [4], vehicle-borne
devices [5} 16]], and other wireless communication termi-
nal devices that need a conformal configuration [7]. A
conformal antenna with strong adhesion and integrated
design has since become one of the research hotspots in
the field of antennae.

Omnidirectional radiation antennae are widely used
in short-range detection, scanning, and so on because
of their wide beamwidth and radiation coverage. Com-
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pared with directional antennae, which can only receive
radiation signals in a specified direction, omnidirectional
antennae do not have strict requirements on the azimuth
of the transmitted signal. This dramatically improves
the efficiency of short-distance signal transmission.
The combination of traditional omnidirectional antenna
and conformal antenna design significantly expands the
application of such antennae in the area of detection. A
bipolar omnidirectional antenna conformal to the cap-
sule surface for endoscopy systems is presented in [8].
However, the proposed antenna has a high specificity
for application due to the capsule shape of the confor-
mal carrier and the low gains effect. A characteristic
mode analysis (CMA)-based omnidirectional microstrip
antenna conformal to different radians is presented in
[9]. The designed broadband circularly polarized (BCP)
antenna unit can achieve 35.6% impedance bandwidth
and 22% circularly polarized bandwidth under differ-
ent bending radii along the x- and y-axes. However, the
omnidirectional radiation characteristics of the antenna
mainly depend on the radian of the carrier and the num-
ber of antenna units. In order to obtain low gain varia-
tion in the horizontal plane, a conformal array antenna
requires more elements, which complicates the antenna
feeding network. To simplify the design complexity
of the conformal omnidirectional antenna and widen
the impedance bandwidth of the antenna, a multiband
antenna based on inkjet-printing is proposed in [[10]. The
operating bandwidth of the antenna can cover Global
Positioning Systems (GPS), Wireless Local Area Net-
works (WLAN), Bluetooth, and other bands. The relative
bandwidth can reach 54.4%, 14%, 23.5%, and 17.2%,
respectively. At the same time, due to the conformality
of the inkjet-printed antenna, the experimental results
show that the impedance bandwidth of the antenna is
basically unchanged, and the omnidirectional radiation
gain is above —1.2 dBi with cylinder radii of 78 mm
and 59 mm. To obtain higher radiation gain, an omni-
directional conformal antenna based on dipole form is
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proposed in [[L1]. The antenna can achieve a maximum
circular polarized radiation gain of 5.2 dBi within the rel-
ative impedance bandwidth of 55.8%. Besides, the radia-
tion performance of the antenna is studied, which is con-
formal to the cylindrical section with a horizontal down-
ward oblique angle of 0°-30°, respectively.

In order to further simplify the antenna structure
based on the design of the document [[11] and reduce the
antenna design size, the antenna can be adapted to differ-
ent conformal tapers. A conformal dipole antenna with
omnidirectional radiation characteristics is presented in
this paper. The experimental simulation results show that
the antenna can achieve omnidirectional radiation char-
acteristics in the full bandwidth when the pyramid taper
varies from 0° to 20°. The radiation gain is higher than
1dB in the working bandwidth.

The main innovation of this paper is to design an
omnidirectional radiation antenna based on bent arm
dipoles. By introducing a parasitic patch, the bandwidth
of the omnidirectional antenna is extended, and the con-
formal of the antenna on the surface of the pyramid is
realized.

This paper is organized as follows. The design and
analysis of the antenna are presented in Section II. Exper-
imental results are described in Section III. Finally, the
conclusion is given in Section IV.

I1I. ANTENNA DESIGN AND ANALYSIS
A. Planar omnidirectional antenna design

A multi-view of the proposed omnidirectional
antenna is presented in Fig. [T, which comprises four
dipoles. A circular low-cost FR4 substrate material (er
= 4.4) with a height of 0.508 mm is used to print this
antenna.

Fig. 1. The structure of the planar antenna.

The dimensions of the microstrip patch antenna in
Fig. [T] are optimized by high frequency structure simu-
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lator (HFSS) software, and the parameters are shown in
Table [T} It can be seen from Fig. [I] that the structure of
the antenna is relatively simple, of low cost, and easily
applied in practical engineering terms.

Table 1: Dimensions of the proposed antenna element
(unit: mm)

Symbol Value Symbol Value
LI 7 D2 2
L2 30 H 0.508
L3 33 0 1.2
wi 0.25 Dl 0.5
w2 1 Angle 1 90°
W3 1.6 Angle 2 37.5°
D3 2.58 Angle 3 30°

The result of the impedance matching is shown
in Fig. [J] (b). The inner conductor of the antenna is
connected to a microstrip line extending in four direc-
tions on the upper surface. The outer is connected to
the corresponding microstrip lines on the lower surface
and then, through metalized vias, connects the ground
line to the upper surface, forming a dipole form with
the original microstrip structure. The four microstrip
dipoles on the substrate in different directions enable
the antenna to obtain specific omnidirectional radiation
characteristics.

Figure [3] shows the equivalent circuit of the dipole
unit, in which Cf and Lf represent the feeding capac-
itance and inductance, respectively, and their influence
is negligible for the input impedance. When the dipole
antenna works in the base model state, the electric dipole
can be replaced by a series resonant circuit (resistance
Rd, capacitance Cd, and inductance L.d), and the equiva-
lent capacitance of the parasitic patch circuit is Cpp, and
the inductance is Lpp.
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Fig. 2. (a) The impedance matching circuit; (b) the Smith
circle of the matching circuit.

To match impedance, an impedance matching circuit
is shown in Figs. |Z| (a) to connect the 50Q SubMiniature
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Fig. 3. The equivalent circuit of the dipole unit.

version A (SMA) and radiation patches. The impedance
matching circuit of the antenna mainly uses four A/4 lines
to realize impedance transformation, and its formula is as
follows:

2
Z1

V4
Zn=2%=17" (D

where Z;, is the input impedance, Zy is the character-
istic impedance of the transmission line, and Z4 is the
impedance of the microstrip antenna.

In order to obtain the optimal size for the A/4 line,
the length and width of the A/4 line are simulated and
compared, and the results are shown in Fig. ] Con-
sidering the antenna bandwidth and matching depth,
the length of the A/4 line is 7 mm and the width
is 0.25 mm.

Through characteristic mode analysis (CMA) of
the planar microstrip structure to accelerate the antenna
design cycle. The generalized eigenmode equation is
as follows:

where X is the imaginary part of the impedance matrix,
J,, is the eigenvector, R, is the weighted matrix, and A,
is the solution of the generalized eigenvalue equation
XJ, = AuRJ,. When A, = 0, the energy stored by the
electric field and the magnetic field are equal, and the
antenna is in a resonance state. When A, < 0, the energy
is concentrated in the electric field, and the correspond-
ing mode of the antenna is the capacitive mode. When
An > 0, the energy is focused on the magnetic field, and
the corresponding mode of the antenna is the perceptual
mode.

The physical meaning of the characteristic angle in
the characteristic mode is the phase difference between
the characteristic current and the tangential component
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Fig. 4. (a) Simulated effects of varying the A/4 line
length; (b) simulated effects of varying the A/4 line
width.

of the characteristic electric field. The formula is as
follows:

B = 180° — arctan A,,. 3)

Since the range of the eigenvalues is (-o0,+00), the
range of the characteristic angle is [90°<[3,<270°].
Similarly, the characteristic angle values can be inter-
preted as follows:

When the eigenvalue is A, > 0, then the range of
the eigenvalue angle is 90° < f3,, < 180°. The mode is
called the inductive mode and stores magnetic energy.
When the eigenvalue is A, = 0, then the characteristic
angle is 3, = 180°. The mode is called the resonance
mode and the energy radiates outward. When the eigen-
value is A, < 0, the range of the characteristic angle is
180° < 3, < 270°, and the mode is called the capaci-
tive mode, which stores power. When the characteristic
angle is 90° or 270°, the mode mainly stores energy and
does not radiate outward; that is, it is in an internal res-
onance state. The phase relationship between modes can
be viewed when designing the antenna, so the eigenvalue
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parameters are a good guide for the design of circularly
polarized or dual-polarized antenna.
The expression for modal significance (MS) is as

follows:
1

1+ A | @

The modal significance of the proposed antenna is
shown in Fig.[5|(a) and the characteristic angle is shown
in Fig. [5] (b). The modal significance of mode 5 exceeds
0.707. Therefore, the omnidirectional property is under
the excitation of mode 5. The surface current distribu-
tion and the far-field radiation under the excitation of
mode 5 are shown in Fig.|6] In order to excite the omnidi-
rectional radiation characteristics and obtain the far-field
radiation as shown in Fig.[5(b), the antenna is excited by
an inductive coupling excitation structure (ICE) in the
center position.
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Fig. 5. Characteristic mode analysis: (a) modal signifi-
cance; (b) characteristic angle.

Broadband technology is one of the key technolo-
gies in the design of microstrip antennas. In [12]], a
defect-based microstrip antenna design for multi-band
applications was proposed, which achieves broadband
design by introducing parasitic patches. In [13]], the
effects of separation and gaps in microstrip patches
were verified through antenna design. In this design, the
antenna bandwidth was successfully expanded by slot-
ting the fan-shaped parasitic patch. Figure [7)is a com-
parison of the effects on S11 parameters of the planar
omnidirectional antenna with and without the parasitic
patches. It can be seen that the introduction of the par-
asitic patches makes the antenna introduce new reso-
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Fig. 6. The results of characteristic mode analysis: (a) the
surface current distribution; (b) the far-field radiation.
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Fig. 7. The effect of parasitic patches on the reflection
coefficient of the antenna.

nance points to broaden the reflection coefficient band-
width of the antenna. The bandwidth of the antenna is
increased from 37.6% to 68.6% after the parasitic patch
is introduced. In addition, the arm width of the dipole
has some influence on the operating frequency band of
the antenna. Figure [§] shows the reflection coefficients
of a microstrip dipole at different arm widths. It should
be noted that, in general, the measured data will deteri-
orate compared with the simulated data. Therefore, after
comparing the reflectivity of dipoles with different arm
widths, the 1.6 mm arm widths with higher reflectiv-
ity values are selected as the optimal solution for the
antenna.

B. Conformal omnidirectional antenna design
The conformal omnidirectional antenna with
different pyramid angles will be introduced here. The
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Fig. 8. Simulated effects of varying the arm width of the
dipole.

structural diagram of the omnidirectional antenna is
shown in Fig. 0] A tube-like structure was used as a
carrier for the antenna. This cylinder needs to be hollow
in the middle so as to facilitate the soldering of the
antenna bottom. It also needs to be perforated in the
substrate at a certain height to facilitate the use of a
nylon column to fix the conformal antenna. Accordingly,
stereolithography appearance (SLA), a 3D printing
technology, is used to design the conformal substrate,
and epoxy resin with a relative permittivity of 3.5 is
selected as the printing material. Polypropylene material
with a dielectric constant of 2.2 is used as the fixing
bolt in the conformal antenna, which can reduce any
interference to the antenna.

Side view

Resin carrier

% Fixing bolt

Obllquc view

Fig. 9. The structure of the conformal antenna. (h =
18mm, r1 = 28mm, r2 = 35mm).

The simulation results of the reflection coefficient
of the omnidirectional antenna under different pyramid
angles (ov) are shown in Fig. [T0] (a). With the pyramid
angle increasing from 0° to 15°, the relative bandwidth of
the antenna changes from 66% (2.3-4.6 GHz) to 46.7%
(2.3-3.7 GHz). When the antenna is conformal to a pyra-
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Fig. 10. The simulated results of the proposed antenna
with different pyramid angles: (a) S11 (dB); (b) gain
(dBi) and radiation efficiency.

mid with a pyramid angle of 20°, the antenna can achieve
a bandwidth of around 26%. The simulation gain and
efficiency of the omnidirectional antenna in the work-
ing bandwidth are shown in Fig. [I0] (b). The maximum
simulation gain of the antenna can reach 1dBi, and the
gain of the antenna in the whole working bandwidth is
more than 0dBi. The simulation efficiency of the antenna
with different pyramid angles can reach more than 80%
of the effective bandwidth. Figure [T1] shows the simu-
lated radiation patterns in E-plane and H-plane at 2 GHz,
2.5 GHz, 3 GHz and 3.5 GHz, respectively. Considering
that the working bandwidth of the proposed antenna with
the 20° taper is only 26% (2.3-3 GHz), the omnidirec-
tional antenna with a taper of 20° is not simulated and
analyzed at 3.5 GHz in Fig.[T1] It is clearly seen that the
H-plane is omnidirectional from 2 GHz to 3.5 GHz at
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Fig. 11. The effect of parasitic patch on radiation patterns
of the antenna.

different taper angles. The cross-polarization level in the
horizontal plane is less than —41 dB, respectively. More-
over, in the operating bandwidth, the simulated gain vari-
ations for the four taper angles are no more than 1.5 dBi,
respectively.

III. EXPERIMENTAL RESULTS
The simulated and measured results of the proposed
antenna will be introduced in this section. To verify the
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feasibility of the proposed conformal omnidirectional
antenna, a prototype with o = 10° is manufactured.
The photographs of the fabricated antenna and measured
environment are displayed in Fig.

The simulated and measured reflection coefficient is
shown in Fig. [I3] The measured relative bandwidth of
the antenna is 44.36% (2.28 GHz-3.58 GHz), which is
slightly narrower than the simulated one (51.2%) due to
the errors caused by fabrication and assembly tolerances.
Additionally, the simulated and measured gain is shown
in Fig. [T4] The result shows that the simulation and test
results of the gain are highly consistent. To fix the SMA
to the bottom of the antenna, a fixing glue is applied to
the welding point on the antenna bottom.

The simulated and measured radiation patterns of
the prototype at 2, 2.5, 3, and 3.5 GHz are shown in
Fig.[T5] It is observed that the antenna can achieve omni-
directional radiation characteristics with the maximum
gain variation of 2.2 dBi in the operating frequency
range. The main polarization radiation peak gain of the
antenna achieves 1 dBi and the cross-polarized gain in
the bandwidth is lower than —28 dB.

Table 2] is a chart comparing the proposed work
with previous works. Antennae proposed in [3] [5] 6]
can achieve omnidirectional radiation characteristics,
but antennae with conformal structure and omnidirec-
tional radiation characteristics have difficulty achieving
wide operating bandwidth. To expand bandwidth, an
antenna conformal to a hemispherical structure is pro-
posed in [11]]. However, this antenna cannot achieve
omnidirectional radiation and, moreover, the structure
of the antenna is complex with significant processing

(d)

Fig. 12. The photos of the proposed antenna: (a) top
view; (b) bottom view; (c) side view; (d) measured envi-
ronment.
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Fig. 14. Simulated and measured gain of the proposed
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Table 2: Comparison between the proposed and previ-
ously reported antennae

Ref. Size(7\3) Radiation Radiation BW | Gain
Structure Direction (dBi)
[3] | 0.143x |conformal | omnidirectional | 6.3% 0.5
0.092 x
0.016
[5] 0.8x planar |omnidirectional | 1.5% 1.4
0.53x
0.042
(6l - conformal | omnidirectional | 28% |—2.6
[10] | 0.58x |conformal | omnidirectional - 2.1
0.58x
0.00092
0.52x | conformal | unidirectional | 55.8% | 5.8
0.52x%
0.15
Prop | 0.53x |conformal | omnidirectional | 44.4% 1
0.53x%
0.1
*BW (%):Bandwidth
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Fig. 15. Simulated and measured results of radiation pat-
terns.

and fabrication requirements. Based on a conformal
structure, a wideband quadrangular pyramid conformal
printed dipole antenna has been designed with the aim of
achieving good omnidirectional radiation characteristics
in the working frequency band.



191

IV. CONCLUSION

In this paper, an omnidirectional antenna with a
wideband was designed and fabricated. Omnidirectional
radiation was realized by exciting four microstrip dipoles
with different radiation directions. The dipole units
effectively improved the resonance effect of the antenna
by introducing parasitic patches. Based on the pla-
nar omnidirectional antenna, the radiation characteris-
tics of the omnidirectional antenna at different pyra-
mid angles from 0° to 20° were explored. The mea-
surement results of the prototype with a pyramid angle
of 10° were consistent with the simulation ones. High
efficiency and small gain variation were obtained in the
S-band of 44.36% from 2.28-3.58 Ghz. The proposed
antenna is therefore considered to be a good candi-
date for high-efficiency omnidirectional communications
applications.
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