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ABSTRACT In this paper, a kind of half-loop Yagi-Uda antenna made of high-permittivity dielectric is
proposed to realize end-fire radiation. As two typical materials with high permittivity, low-loss zirconia
ceramic and liquid pure water are here employed for the proposed antenna to attain high radiation efficiency
and support the characteristic of pattern reconfigurability, respectively. The thin dielectric waveguide with
high permittivity is here used as the metal wire of conventional wire antennas, due to its traveling-wave
radiation under TM01 mode. The different radiation characteristics of the electrically small loop and
full-wave loop antennas are discussed. And the dielectric large half-loop antenna with ground plane and
bi-directional radiation is utilized to form a Yagi-Uda array for desired end-fire radiation. Moreover,
circular loop elements are subsequently transformed into rectangular shape to reduce the profile of antenna
and a comparison between the conventional metal Yagi-Uda antenna and the proposed dielectric one is
provided. It is found that the dielectric parasitic element could play a more flexible role. Both ceramic
and pure-water antenna prototypes are fabricated and tested. Measured results match the simulated ones
well, which validates the predicted antenna performance.

INDEX TERMS Dielectric Yagi-Uda antenna, end-fire radiation, half-loop antenna, high-permittivity
material, pure water, zirconia ceramic.

I. INTRODUCTION

WITH the requirement for long-distance terrestrial
directional communication, end-fire antennas have

drawn many research interests. Several kinds of classical
antennas have been proposed to support end-fire radiation,
such as Yagi–Uda antennas [1], [2], [3], [4], [5], log-periodic
antennas [6], [7], [8], surface-wave antennas [9], [10], and
some leaky-wave antennas with fixed beam [11], [12], [13].
However, the aforementioned end-fire antennas are usually
made of metal materials, which would inevitably suffer from
conductor loss and limited radiation efficiency especially at
high frequency.
Dielectric antennas have intrinsic superiority in radiation

efficiency and sizing flexibility. Until now, many efforts

have been made on the design of dielectric antennas with
end-fire radiation [14], [15], [16], [17], [18], [19], [20],
[21]. And these proposed design methods can be generally
divided into two categories. The first one is to utilize the
surface-wave radiation of dielectric structure [14], [15], [16],
[17]. By virtue of gradual changing shape or permittivity of
dielectric, end-fire beam can be realized. However, this kind
of dielectric end-fire antenna usually needs an extra surface
wave launcher, which increases the complexity of antenna
structure. In [17], four dielectric sections with tapered
permittivities compose a wideband end-fire antenna, where
the first section acts as a surface wave launcher to simplify
the structure of excitation. But the used dielectric blocks with
different infill ratios increase the difficulty of processing.
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The second method for designing dielectric end-fire antenna
is to form a complementary structure, which combines the
equivalent magnetic dipole and electric dipole [18], [19],
[20], [21]. By controlling the magnetoelectric resonances
from the fundamental and higher-order modes of a dielectric
resonator antenna (DRA), or a hybrid DRA with parasitic
slot or probe, the desired lateral radiation could be achieved.
But this kind of dielectric end-fire antenna usually normally
has a high profile.
As a type of classical wire antenna, the conventional metal

Yagi-Uda loop antenna with simple structure can support
end-fire radiation [22], [23], [24]. And it is known that
the loop antenna can be transformed into a half-loop one
with ground plane to reduce its profile [25], [26]. According
to the radiation mechanism of dielectric waveguide [27],
[28], [29], a thin dielectric waveguide with high permittivity
can be used just as the metal wire in conventional wire
antennas, when it works at the cut-off state of TM01 mode.
As such, a kind of half-loop Yagi-Uda antenna made of
high-permittivity dielectric is proposed in this paper to
realize desired end-fire radiation. Low-loss zirconia ceramic
and liquid pure water are here adopted to implement the
proposed antenna respectively, where the former contributes
to attaining high radiation efficiency and the latter supports
the characteristic of pattern reconfigurability by controlling
its filling state. Compared with the reported dielectric Yagi
antennas adopted dipole or monopole structure [30], [31], the
proposed loop one has a driver element with bi-directional
radiation rather than the omnidirectional one, meanwhile
loop antenna possesses a lower profile.

II. CONFIGURATION OF THE PROPOSED DIELECTRIC
HALF-LOOP YAGI-UDA ANTENNA
Fig. 1 depicts the configuration of proposed dielectric half-
loop Yagi-Uda antenna. It is seen that the proposed antenna
consists of three dielectric rectangular half loops which play
the roles of driver, reflector, and director respectively, a
metal ground, as well as a coaxial probe connected with
the driver loop. One of ends of the driver is suspended
to avoid short circuit where a thin Teflon cylinder with a
height of ht is exactly inserted underneath the end. The
probe passes through the Teflon cylinder and dips into the
driver to excite the desired operating mode. The height above
the ground of the probe is marked as hp. The lengths and
heights of three dielectric loops are denoted as l, l1, l2, and
h, h1, h2, respectively. The radii of their cross sections are
rc, rc1, and rc2. The metal ground is square with the size
of Lg × Wg and a thickness of t. The main dimensions
of the proposed dielectric half-loop Yagi-Uda antenna are
provided here as follows: Lg = 180 mm, Wg = 180 mm,
rc = 2.5 mm, rc1 = 2.75 mm, rc2 = 1.75 mm, h = 11 mm,
h1 = 11.5 mm, h2 = 12.5 mm, l = 43 mm, l1 = 43.5 mm,
l2 = 43.5 mm, ht = 1 mm, hp = 3 mm, t = 2 mm,
d1 = 15 mm, d2 = 8 mm.

FIGURE 1. Configuration of the proposed dielectric half-loop Yagi-Uda antenna.
(a) 3-D view. (b) Side view.

III. WORKING PRINCIPLE OF THE PROPOSED
DIELECTRIC HALF-LOOP ANTENNA
Firstly, the working principles of the dielectric half-loop
antenna including the radiation mechanism of dielectric
waveguide and radiation characteristics of dielectric half-
loop antenna are discussed in this section.

A. RADIATION MECHANISM OF DIELECTRIC
WAVEGUIDE
According to our previous work [27], [28], [29], it is known
that a dielectric waveguide can support leaky-wave radiation
when it works at the cut-off state of high-order mode. And
as one of high-order modes, the TM01 mode can be quite
easily excited by a probe feed. Moreover, it is found that a
dielectric waveguide operating at the cut-off state of TM01
mode has similar radiation characteristics to the metal long
wire. In this context, the thin dielectric waveguide with high
permittivity can be utilized as the metal wire of conventional
wire antennas. The working frequency f within the cut-off
region of TM01 mode satisfies:

0<f<
2.405c

πd
√

εr − 1
(1)

where c represents the speed of light in free space, d is
the waveguide diameter, εr and 1 represent the relative
permittivities of dielectric and air, respectively.
To verify the aforementioned analysis, an example, i.e.,

a straight dielectric waveguide made of high-permittivity
zirconia ceramic (εr = 32, tan δ = 0.002), is here provided
and fed by coaxial probe, as shown in Fig. 2. Fig. 3
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rc

Coaxial probe

FIGURE 2. Configuration of a straight dielectric waveguide made of zirconia
ceramic and fed by coaxial probe.

FIGURE 3. Extracted normalized phase constant (β/k0) for the dielectric waveguide
operating at the TM01 mode.

exhibits the extracted normalized phase constant (β/k0) for
the dielectric waveguide operating at the TM01 mode. It
is clear that the dielectric waveguide works as a fast-wave
system when the operating frequency is lower than the cut-
off one. Electric-field distributions at 5 GHz (cut-off region)
along the dielectric waveguide and its cross-section plane are
displayed in Fig. 4, which further demonstrate the radiation
mechanism of dielectric waveguide. It is seen that the
electric-field distribution at cross-section plane is radially
symmetric, which reveals the TM01 mode. Besides, a clear
process about the power leakage of dielectric waveguide is
observed owing to the fast-wave system.

B. RADIATION CHARACTERISTICS OF DIELECTRIC
HALP-LOOP ANTENNA
As one of primary antenna shapes, the loop antenna
possesses a simple structure, but it could support vari-
ous radiation characteristics based on different dimensions.
Fig. 5 shows the configurations of conventional metal small
and large loop antennas, as well as their radiation patterns
at the plane perpendicular to loop. It is obvious that for
the electrically small loop and full-wave loop, the phase
distributions of their surface currents along loop are different,
which leads to different radiation patterns. For the small
loop, the phase discrepancy can be omitted, and the radiation
mostly concentrates on the direction along the loop. But
for the large loop, the beam usually points to the broadside
because of the phase distribution.

FIGURE 4. Electric-field distributions at 5 GHz (cut-off region) along the dielectric
waveguide and its cross-section plane.

FIGURE 5. Configurations of conventional metal small and large loop antennas, as
well as their radiation patterns at the plane perpendicular to loop. (a) Electrically small
loop. (b) Full-wave loop.

By replacing the conventional metal wire with the thin
high-permittivity dielectric waveguide and introducing the
ground plane to adapt practical applications, a kind of
dielectric half-loop antenna made of zirconia ceramic is
then proposed, as shown in Fig. 6. Compared with full-loop
antenna, the half-loop one has a lower profile and a much
simpler feed structure where a pair of differential inputs can
be simplified as a single probe.
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FIGURE 6. Configuration of the proposed dielectric half-loop antenna made of
zirconia ceramic.

The radiation characteristics of dielectric small and large
half-loop antennas are also investigated, as provided in
Fig. 7. It is seen that after adopting the ground, the dielectric
small and large half-loop antennas support broadside and
bi-directional radiation, respectively. And it is clear that the
large one is suitable to serve as a driver in a Yagi-Uda array.

IV. DIELECTRIC HALF-LOOP YAGI-UDA ANTENNA
By using the aforementioned dielectric half-loop structure as
a driver, a dielectric half-loop Yagi-Uda antenna is proposed
and discussed in this section.

A. OPERATION MECHANISM OF DIELECTRIC
HALF-LOOP YAGI-UDA ANTENNA
Actually, the operation mechanism of dielectric half-loop
Yagi-Uda antenna is similar to the conventional metal one.
It is known that the radiation of a Yagi-Uda antenna is a
superposition of the driver and the parasitic elements. For
a two-element Yagi-Uda antenna, its array factor can be
expressed as a function of the polar angle (θ ) [32]:

AF = 1 + mej
(α+k0d sin θ)

(2)

where m is the amplitude ratio, α is the phase offset of
the parasitic element from the driver, k0 is the free-space
wavenumber, d is the distance between two elements. It is
clear that the parasitic element acting as a director or reflector
depends on the value of d and α, where α is affected by d
and the length of the parasitic element in the conventional
metal Yagi-Uda antenna. And for the dielectric case, the
radius (cross section) of the dielectric waveguide would also
affect α. Therefore, the distance from the parasitic element
to the driver, as well as the length and the radius (cross
section) of the dielectric parasitic element are the key factors
in the design of the proposed dielectric Yagi-Uda antenna.
It should be mentioned that compared with the con-

ventional metal half-loop Yagi-Uda antenna, the proposed
dielectric one possesses an extra degree of freedom in its
design process, i.e., the radius of cross section, which can
be utilized to attain a better performance.

B. TWO-ELEMENT DIELECTRIC HALF-LOOP YAGI-UDA
ANTENNA
A two-element dielectric half-loop Yagi-Uda antenna is
designed to investigate the influence of the parasitic loop, as

FIGURE 7. Radiation of the dielectric small and large half-loop antennas. (a) Small
half-loop antenna. (b) Large half-loop antenna.

FIGURE 8. Configuration of the dielectric two-element half-loop Yagi-Uda antenna.
(r = 15 mm, rc = 2.5 mm)

shown in Fig. 8. Considering that the ground would result
in tilted beam with unfixed angle, the front-to-back ratio
(FBR) is modified to correct the impact where the main
and back lobes are flexibly determined at tilted angle rather
than the fixed direction. Fig. 9 depicts the modified FBR of
the dielectric two-element half-loop Yagi-Uda antenna under
different values of r1, d, and rc1. It is found that the dielectric
Yagi-Uda antenna is similar to the metal one. The role of
parasitic loop is also determined by its dimensions and the
space from the driver. For example, assuming the values of d
and rc1 are 5 mm and 2 mm respectively, the parasitic loop
can serve as a director when the loop radius rc1 is less than
18 mm, and then it turns into a reflector with the increase
of rc1. It is seen that big r1, d, and rc1 are helpful to attain
a reflector, which is also corresponding to the experiences
in the design of a metal Yagi-Uda antenna.

C. THREE-ELEMENT DIELECTRIC HALF-LOOP
YAGI-UDA ANTENNA
In order to realize better directionality, a three-element
dielectric half-loop Yagi-Uda antenna is then proposed.
Fig. 10 shows its configuration and radiation patterns of E-
plane and H-plane at 5.4 GHz. It is seen that the proposed
three-element Yagi-Uda antenna has end-fire beam with
angle of 60 degrees and its radiation gain exceeds 10 dBi.
However, the half-loop structure with circular shape leads to
a high profile of the proposed antenna.

D. DIELECTRIC RECTANGULAR HALF-LOOP YAGI-UDA
ANTENNA
Circular loop elements are subsequently transformed into
rectangular shape to reduce the profile of antenna, as shown
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FIGURE 9. Modified front-to-back ratio (FBR) of the dielectric two-element half-loop
Yagi-Uda antenna under different values of (a) r1. (b) d. (c) rc1.

in Fig. 11. It is clear that the profile of the rectangular
half-loop Yagi-Uda antenna is much lower than the circular
loop one. As to the radiation performance, its radiation
patterns at 5.4 GHz are also provided, which are similar to
those of the circular half-loop Yagi-Uda antenna. Fig. 12
shows the electric-field distributions at yoz plane of the
dielectric rectangular half-loop Yagi-Uda antenna operating
at 5.4 GHz. It is seen that the strong coupling is generated
among the driver, director and reflector. And the electromag-
netic waves are mainly concentrated on the director side,
leading to the end-fire radiation and high FBR.
In order to reveal the design flexibility of the proposed

dielectric Yagi-Uda antenna, Fig. 13 shows the discrepancy
between the effects on the modified FBR of dielectric and

FIGURE 10. Configuration of a dielectric three-element half-loop Yagi-Uda antenna
and its radiation patterns at 5.4 GHz. (a) 3-D view. (b) E-plane. (c) H-plane.

FIGURE 11. Configuration of the dielectric rectangular half-loop Yagi-Uda antenna
and its radiation patterns at 5.4 GHz. (a) 3-D view. (b) E-plane. (c) H-plane.

metal parasitic elements. It is worth mentioning that a typical
case where the parasitic element mainly plays the role of
reflector is here adopted since the operating principle is
same no matter in reflector or director case. Therefore, both
the dielectric and metal parasitic loops are longer than the
driver. According to Fig. 13, it is clear that when the distance
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FIGURE 12. Electric-field distributions at 5.4 GHz of the dielectric rectangular
half-loop Yagi-Uda antenna.

FIGURE 13. The discrepancy between the effects on the modified front-to-back ratio
(FBR) of dielectric and metal parasitic elements.

FIGURE 14. Configuration of a conventional three-element metal half-loop Yagi-Uda
antenna.

between the driver and reflector ranges from 0.1 ∼ 0.4 λ

(λ: wavelength), it is found that the metal parasitic loop
always acts as a reflector, which is corresponding to
the classical theory. As to the dielectric one, its cross
section affecting the working frequency provides an extra
degree of freedom, which is different from the metal one.
The role of the dielectric parasitic loop is determined by
the dimension of its cross section and the space from the
driver. Therefore, although the parasitic loop is longer than
the driver, it can still play the role of director under different
radii. Due to the different radiation principles of dielectric
waveguide and metal wire, the design of dielectric half-loop
Yagi-Uda antenna is more flexible, which is helpful for the
compact structure. For the metal half-loop Yagi-Uda antenna,
the reflector and driver are often close to each other, while
the director is a little far from the driver so as to obtain
good directivity, as shown in Fig. 14. The spaces from the
reflector and director to the driver are usually about 0.25 λ.
But as to the dielectric one, according to Fig. 13, a good
dielectric director near the driver could be achieved, which
exactly contributes to the compact structure of proposed
three-element Yagi-Uda antenna shown in Fig. 1.

FIGURE 15. Dynamic cases for pattern reconfigurability of a pure-water half-loop
Yagi-Uda antenna. (a) Case 1. (b) Case 2.

TABLE 1. Performance comparison between the conventional metal and proposed
dielectric half-loop Yagi-Uda antennas.

Table 1 provides a comparison between the conventional
metal and proposed dielectric half-loop Yagi-Uda anten-
nas. It is clear that both antennas have similar radiation
gains and FBRs, while the dielectric one possesses the
smaller distance from the driver to the director, and it
also has wider operating band owing to its traveling-wave
structure.
It is known to all that pure water has high permittivity

and fluidity. Therefore, the dielectric rectangular half-loop
Yagi-Uda structure can be implemented by pure water
to achieve reconfigurability. Fig. 15 sketches the dynamic
cases for pattern reconfigurability of a pure-water half-loop
Yagi-Uda antenna. Five containers prepared for water are
bilaterally symmetrical. By controlling the filling state of
water in different containers, the director and reflector can
be mirrored at symmetrical locations, which leads to the
pattern reconfigurability.

V. FABRICATION AND EXPERIMENTAL RESULTS
Both the ceramic half-loop Yagi-Uda antenna made of zirco-
nia and pattern-reconfigurable pure-water half-loop Yagi-Uda
antenna are fabricated and tested.

A. CERAMIC HALF-LOOP YAGI-UDA ANTENNA
By virtue of the ceramic 3-D printing technology based on
vat photopolymerization (VPP) [33], the driver, reflector, and
director made of zirconia ceramic can be fabricated with high
precision and purity. Fig. 16 shows the fabricated ceramic
half-loop Yagi-Uda antenna prototype. A coaxial probe is
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FIGURE 16. Photographs of the fabricated ceramic half-loop Yagi-Uda antenna
prototype. (a) Top view. (b) Side view.

FIGURE 17. Simulated and measured reflection coefficients of the fabricated
ceramic half-loop Yagi-Uda antenna prototype.

well installed by the reserved holes on the ground and driver.
The 3-D printing and postprocessing are guided by 3dpro
Technology Co., Ltd.
Fig. 17 depicts the simulated and measured reflection

coefficients of the fabricated ceramic half-loop Yagi-Uda
antenna prototype. It is found that the measured result shows
a great agreement with the simulated one and it covers a
wide frequency range from 4.67 to 5.6 GHz, which is little
narrower than the simulated result.
Simulated and measured radiation gains of the fabricated

ceramic half-loop Yagi-Uda antenna prototype are provided
in Fig. 18. It is observed that a good agreement between the
measured and simulated results is obtained. The fabricated
ceramic antenna prototype possesses stable radiation gain
with the maximum value of 11.04 dBi and its 3-dB gain
bandwidth covers from 4.3 to 5.65 GHz. The simulated
power tolerance of proposed ceramic half-loop Yagi-Uda
antenna is about 792 kW.
Fig. 19 shows the simulated and measured normalized

radiation patterns of the fabricated ceramic half-loop Yagi-
Uda antenna prototype operating at 5.4 GHz. It is seen that
the fabricated antenna supports the end-fire radiation with
the beam angle of 60 degrees. Besides, the main beam of the
measured E-plane is slightly split, and that of the measured
H-plane is little wider than the simulated result.

FIGURE 18. Simulated and measured radiation gains of the fabricated ceramic
half-loop Yagi-Uda antenna prototype.

FIGURE 19. Simulated and measured normalized radiation patterns of the
fabricated ceramic half-loop Yagi-Uda antenna prototype operating at 5.4 GHz.

FIGURE 20. Photographs of the fabricated pattern-reconfigurable pure-water
half-loop Yagi-Uda antenna prototype (Case 1). (a) Top view. (b) Side view.

B. PATTERN-RECONFIGURABLE WATER HALF-LOOP
YAGI-UDA ANTENNA
By using stereolithography apparatus (SLA) craft, one of
3-D printing technologies, transparent containers prepared
for pure water can be easily fabricated. Fig. 20 exhibits
the fabricated pattern-reconfigurable pure-water half-loop
Yagi-Uda antenna prototype. It is seen that some plugs are
here utilized for the convenience of moving water. For the
arbitrary working case of the fabricated water antenna, three
half-loop containers are full of distilled water (εr = 78.4,
tan δ = 0.08 @ 1.8 GHz) and the rest of containers keep
empty.
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FIGURE 21. Simulated and measured reflection coefficients of the fabricated
pattern-reconfigurable pure-water half-loop Yagi-Uda antenna prototype (Case 1).

FIGURE 22. Simulated and measured radiation gains of the fabricated
pattern-reconfigurable pure-water half-loop Yagi-Uda antenna prototype (Case 1).

In consideration of that pure water suffers from huge
dielectric loss at high frequency, the water antenna is
designed at an acceptable spectrum to ensure the radiation
efficiency above 70%. In addition, since the two cases of
pattern reconfigurability are fully mirrored with each other
and the results of two cases are almost same, only the
measured results under Case 1 are provided. Fig. 21 provides
the simulated and measured reflection coefficients of the
fabricated pattern-reconfigurable pure-water half-loop Yagi-
Uda antenna prototype. It is clear that the measured and
simulated results are in good agreement. And the fabricated
antenna has a wide impedance bandwidth covering from 1.59
to 2.2 GHz.
Fig. 22 depicts the simulated and measured radiation gains

of the fabricated pattern-reconfigurable pure-water half-loop
Yagi-Uda antenna prototype. It is observed that the measured
gain matches the simulated one well. The fabricated antenna
has a maximal gain of 9.04 dBi and its 3-dB gain
bandwidth ranges from 1.66 to 2.12 GHz. The simulated
power tolerance of proposed pattern-reconfigurable pure-
water half-loop Yagi-Uda antenna is about 223 kW.
The simulated and measured normalized radiation patterns

of the fabricated pattern-reconfigurable pure-water half-
loop Yagi-Uda antenna prototype operating at 1.8 GHz are

FIGURE 23. Simulated and measured normalized radiation patterns of the
fabricated pattern-reconfigurable pure-water half-loop Yagi-Uda antenna prototype
operating at 1.8 GHz (Case 1).

TABLE 2. Comparison among pattern-reconfigurable Yagi-Uda antennas.

exhibited in Fig. 23. It is found that the measured and
simulated results of E-plane including both co-polarization
and cross-polarization are in good agreement, while the
measured main beam of H-plane is little wider than that of
the simulated one.
Table 2 tabulates a comparison among Yagi-Uda antennas

with pattern reconfigurability. It is seen that compared with
those designs tuned by PIN diodes [34], [35], [36], the
proposed pure-water one has similar FBR and radiation
efficiency, but possessing higher radiation gain and wider
impedance bandwidth. Besides, the water antenna needs
longer reaction time for reconfiguring and it is more
beneficial for those systems with no need to require fast
tuning process.

VI. CONCLUSION
In this paper, a kind of dielectric half-loop Yagi-Uda
antenna with end-fire radiation is proposed by adopting
high-permittivity material. Two antenna prototypes made
of zirconia ceramic and pure water respectively, are here
implemented to demonstrate the proposed concept. The
traveling-wave radiation from dielectric waveguide and 3-D
printing technology are utilized respectively in the operation
and fabrication of the proposed antenna. The proposed
dielectric half-loop Yagi-Uda antenna can take full advantage
of dielectric material, such as high radiation efficiency by
low-loss dielectric and reconfigurability by liquid dielectric.
Besides, benefiting from the extra degree of freedom, i.e.,
the cross-section radius of dielectric waveguide, the design
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of proposed dielectric half-loop Yagi-Uda antenna is more
flexible, which is ease to achieve compact structure. This
work provides a simple method for the design of an end-fire
dielectric antenna without an extra surface wave launcher.
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