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Abstract—The effect of a low permittivity cladding used in a
multilayer end-fire dielectric rod antenna (DRA) design is studied
in terms of return loss, gain, and half-power beamwidth (HPBW)
in the extended Ku band (10–18 GHz). Gain improvement ranging
from 4 to 7 dB, when compared to a single-layer design of the
same length, is achieved using cladding permittivities between 1.6
and 2.6. For example, a cladding of εr = 1.6 leads to a peak
gain increment of 4.5 dB at 18 GHz and a 20° HPBW reduction
compared to the noncladded rod. It is also demonstrated that this
design has the same maximum gain as a noncladded design that
is 1.8 times longer. The cladding permittivity in the multilayer
DRA can be adjusted to achieve peak performance at different
frequencies within the band, while providing gain enhancement in
the entire band without reducing the bandwidth.

Index Terms—Additive manufacturing, dielectric rod antenna
(DRA), end fire, Ku band, multilayer, rectangular waveguide.

I. INTRODUCTION

D IELECTRIC rod antennas (DRAs) represent a viable op-
tion for ultra-wideband (UWB) end-fire systems when

compared to conventional aperture horn antennas or tapered slot
radiators. DRAs can often achieve performance that is similar to
these alternative approaches accompanied not only with lighter
weight, reduced volume, and small cross section, but also with
low mutual coupling between single elements in array configu-
rations [1]. These characteristics continue to generate interest in
awide variety of fields and applications such as satellite commu-
nications [2], radar systems [3], chip-to-chip communications
[4], and millimeter-wave imaging [5], [6].
Several efforts have been made to enhance the performance

of DRAs in the past decade. Improvements in gain have been
studied using methods that modify the physical shape of the
DRA [6], or by increasing the number of elements in end-fire
array configurations [7]. Different feed networks have also been
investigated, for example exciting the DRA with a tapered slot
antenna or using the rod itself as a feed for reflector antennas,
such as horns or parabolic dishes [8], [9]. More recent stud-
ies include substrate-integrated waveguide feed networks and

Manuscript received May 28, 2018; revised August 12, 2018; accepted
September 9, 2018. Date of publication September 19, 2018; date of current
version November 29, 2018. This work was supported by the U.S. National Sci-
ence Foundation under Grant ECCS-1509762. (Corresponding author: Denise
C. Lugo.)

D. C. Lugo, R. A. Ramirez, and J. Wang are with the Electrical Engineer-
ing Department, University of South Florida, Tampa, FL 33620 USA (e-mail:,
deniselugo@mail.usf.edu; ramiror@mail.usf.edu; jingw@usf.edu).

T. M. Weller is with the Electrical Engineering and Computer Science
Department, Oregon State University, Corvallis, OR 97331 USA (e-mail:,
tom.weller@oregonstate.edu).

Digital Object Identifier 10.1109/LAWP.2018.2871103

embedded multilayer structures that avoid excitation of high-
order modes [1], [10].
It is well known that gain enhancements in DRAs can be

achieved by increasing the rod permittivity or the rod diameter.
Increased gain is also possible with increased antenna length, al-
though this may degrade other antenna parameters such as cross
polarization and sidelobe levels (SLLs) [1]. Increasing the core
diameter, on the other hand, may affect the operational band-
width, since higher ordermodes are excited at frequencieswhere
the diameter becomes much larger than the guided wavelength
[1]. Gain improvements have been reported in [11] where two
low permittivity dielectrics with a small refractive index differ-
ence are used along with a custom metal waveguide transition.
Additionally, the implementation of multiple dielectric layers

in circular DRAs is used to improve the antenna bandwidth
[12], [13].
In other types of antennas such as dipoles, variation of the

substrate dielectric constant has been studied as a means to
enhance the broadside gain [14].
The present work addresses the characterization and gain

enhancement of a low-permittivity cladding in a DRA design
with rectangular cross section, a concept initially presented
in [15]. The multilayer DRA design is comprised of a high-
permittivity core (εr = 10.2) encased in a low-permittivity
cladding (1.6 ≤ εr ≤ 2.6). This letter demonstrates that the
cladding permittivity can be strategically selected to provide
a significant gain enhancement relative to a single-layer DRA
of the same length, without reducing the operational bandwidth.
Variations of the cladding permittivity are achieved by imple-
menting commercially available additive manufacturing (AM)
techniques, which are used to tune the peak gain in the ex-
tended Ku band (10–18 GHz). In particular, it is shown that a
cladding of εr = 1.6 increases the antenna gain between 2.7 and
4.5 dB in the entire frequency range, which is comparable to a
single-layer (noncladded) DRA that is 1.8 times longer. More
generally, through simulation it is demonstrated that for the pre-
sented design a cladding permittivity to core permittivity ratio
of 0.15 to 0.4 provides the best overall gain performance. In this
range, the radiated fields along the antenna length are appro-
priately phased to maximize directionality without significant
increase in the SLL.

II. DIELECTRIC ROD ANTENNA DESIGN AND FABRICATION

The geometry of a traveling wave rod antenna is usually
formed by three sections: a feed taper which is inserted into
the rectangular waveguide feed to gradually match the input
impedance; a body gradient; and a constant height section to
minimize the reflected surface wave [6], [16], [17]. For a DRA
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Fig. 1. Proposed multilayer DRA geometry and key dimensions, showing the
inner core (top) and multilayer design (bottom).

with circular cross section, the diameter of the antennaD should
satisfy the following equation to ensure that the fundamental
mode (HE11) is supported [9] and confined within the core [1]:

λ0

4
< D <

0.626√
εr

λ0 (1)

where λ0 is the free space wavelength.
Since the DRA design in this letter utilizes a rectangular

cross section, equivalence radii between the two geometries (i.e.,
rectangular and circular) are used as suitable approximation to
satisfy (1) and (2) [15]. For a rectangle of 2:1 aspect ratio, its
equivalent diagonal D1 is then selected as 1.315 D according to
[18]. The geometry of the multilayer antenna for the extended
Ku band is depicted in Fig. 1. The antenna length determines the
peak gain and the half-power beamwidth (HPBW), and in this
type of antenna the total body length often falls between 3 λ0 and
6 λ0 . As shown later in this letter, DRAs with shorter electrical
length show less gain variation with frequency as compared to
longer rods, and a short length thus makes it easier to isolate
and analyze the effect of the cladding. In this design, a total
length of 75 mm (3.5 λ0 at the center frequency) was chosen as
a baseline to study the effect of the cladding.
The DRA core was fabricated by laser cutting a Rogers

RO3010 (εr = 10.2 and loss tangent= 0.0035) substrate, which
is comparable in cost to Rogers laminates with lower dielectric
constants. The cladding is fabricated as a separate hollow struc-
ture using fused deposition modeling (FDM) of acrylonitrile
butadiene styrene (ABS) (εr = 2.6 and loss tangent = 0.0052).
Two claddings were fabricated, one with 100% infill to achieve
an effective cladding permittivity εr of 2.6 [15], and one with
50% honeycomb infill to achieve εr = 1.6 at 18 GHz. An attrac-
tive feature of the multilayer DRA design is its compatibility
with three-dimensional (3-D) printing technology. A fully 3-D
printed variation of this design was successfully implemented
in the Ka band [19].

III. DRA CHARACTERIZATION AND MEASUREMENTS

The DRA performance was measured in an anechoic cham-
ber with cladding permittivities of 1.6 and 2.6. The performance
of the single-layer or noncladded design was also measured
for comparison purposes. The measured peak gain and corre-
sponding high frequency structure simulator (HFSS) simula-
tion data are shown in Fig. 2(a). The multilayer antenna with
εr = 1.6 cladding shows a significant gain improvement at all
frequencies of interest compared to the noncladded antenna of
the same length. The multilayer antenna peak gain is 16.24 dBi
at 17.2 GHz, representing a 4.44 dB improvement with respect
to the single-layer rod antenna. The multilayer design with a

Fig. 2. Measured and simulated peak gain (a) and reflection coefficient (b, c)
of the single and multilayer DRAs with different cladding permittivities.

εr = 2.6 cladding shows an enhanced gain in the low end of
the Ku and a comparable gain beyond 15 GHz when compared
to the noncladded rod performance. In this multilayer DRA, a
14.6 dBi band peak gain occurs at 12.2 GHz, representing a 4.8
dB gain increment. In all cases, the measured gain follows the
simulated trend over frequency. The variations in the measured
data can be attributed to the presence of the fixture stage, and
the feeding metallic waveguide on the back of the antenna under
test.
Fig. 2(b) presents a comparison of the measured and sim-

ulated return loss for the single- and multilayer DRAs with
εr = 2.6 cladding while Fig. 2(c) shows the same comparison
but with a cladding of εr = 1.6. In both cases, the multilayer
designs have an improved return loss at the low end of the fre-
quency band. For the multilayer DRAs, the return loss is greater
than 10 dB across the entire frequency range.
The measured and simulated E-plane radiation patterns of

the single- and multilayer DRAs with εr = 2.6 cladding at
12.2 GHz are presented in Fig. 3(a) and (b), respectively. The
radiated fields are affected by the presence of the cladding, as
the HPBW reduces from 61° to 22° in the multilayer design
[15]. The end-fire cross-polarization discrimination is 47 dB
for the single-layer DRA and 39 dB for the multilayer DRA
at 12.2 GHz. Similarly, the measured and simulated E-plane
radiation patterns at 17.2 GHz for the single- and multilayer
DRAs with εr = 1.6 cladding are shown in Fig. 3(b) and (c),
respectively. In this case, the HPBW reduces from 48° to 28° in
the multilayer design. A measured front to back ratio of 26 dB
is also achieved for the multilayer antenna. The end-fire cross-
polarization discrimination is 43 and 38 dB for the single and
multilayer DRAs, respectively.
The addition of the low permittivity cladding results in a peak

gain increment, which can be attributed to two effects: 1) an in-
crease in the effective permittivity and thus the electrical length
of the antenna; and 2) an increase in the field confinement that
reshapes the radiation pattern and results in higher directivity.
The electric field magnitude of the single- and multilayer an-
tennas with εr = 2.6 cladding is presented in Fig. 4. It can be
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Fig. 3. Measured and simulated E-plane radiation pattern for the single
(a) and multilayer (b) DRA with εr = 2.6 cladding at 12.2 GHz [15] and
for the single (c) and multilayer (d) DRA with εr = 1.6 cladding at 17.2 GHz.

Fig. 4. Simulated E-field distribution at 17.2 GHz for the single (top), and
multilayer (bottom) DRA with εr = 2.6 cladding.

observed that in the multilayer DRA there is a higher portion of
the E-field radiated in the end-fire direction.
The 3-D radiation pattern of the single- and multilayer DRAs

at 17.2 GHz with εr = 1.6 cladding is shown in Fig. 5(a)
and (b), respectively. The corresponding E- and H-plane ra-
diation patterns are plotted in Fig. 5(c) and (d) for the single-
and multilayer DRAs, respectively. It can be seen that the sym-
metry of the radiation patterns in both planes are affected by the
2:1 core cross-section ratio. The differences in symmetry are
more noticeable for the single-layer DRA.
Fig. 6 shows the simulated noncladded DRA peak gain versus

frequency for different length increments (ΔL) of the core body
gradient. The curve with the lowest gain (ΔL = 0 mm) corre-
sponds to the original design shown in Fig. 1 with no cladding.
The gain versus frequency response of the multilayer DRAwith
εr = 1.6 cladding is included in the plot as a reference. As
shown, an increment of at least 60 mm is required to match
the gain of the multilayer antenna at the center frequency; this
represents a 2.25× increase in the body gradient length and a
1.8× increase in the total DRA length.

For frequencies above 15 GHz, an increment of 120 mm or
3.5 times the body gradient is necessary to match the multilayer
DRA gain. It can be seen in Fig. 6 that increasing the rod
length increases the gain in a nonuniform way. For frequencies
above 14 GHz, the gain slowly decays due to an increase in
the SLL in the H-plane. Additionally, increasing the antenna

Fig. 5. Simulated far-field 3-D radiation pattern for the single (a) and mul-
tilayer (b) DRA. Simulated E- and H-plane radiation patterns of the single (c)
and multilayer (d) DRA with εr = 1.6 cladding at 17.2 GHz.

Fig. 6. Simulated gain versus frequency for different length increments of the
body gradient in a single-layer DRA.

Fig. 7. Simulated gain versus frequency for different length increments of the
body gradient in a single- and multilayer DRAs.

length from ΔL = 0 to 140 mm reduces the cross-polarization
discrimination at 18 GHz from 44 to 34 dB.
Fig. 7 presents the end-fire gain of the single- and multi-

layer DRAs with body gradient increments of 120, 60, and
0 mm (original design). The cladding permittivity considered
in the multilayer DRA is 1.6. It is seen that the advantages of
the cladding are scalable and consistent with different antenna
lengths, providing significant gain increments when compared
to a single-layer rod of the same length.
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Fig. 8. Simulated end-fire gain versus loss tangent variation at (a) 14 GHz
and (b) 18 GHz.

Fig. 9. Simulated gain versus frequency for different cladding permittivities.

IV. PARAMETRIC STUDY OF THE CLADDING PROPERTIES

Fig. 8(a) and (b) shows the simulated effect of the loss tangent
variation of the core and the cladding on the multilayer DRA
gain at 14 and 18 GHz, respectively. The loss tangent (tanδ)
values of the core and cladding varied from 0 to 0.015. Two
sets of curves are plotted in Fig. 8, one where the cladding
tanδ is varied (black curves) considering a Rogers RO3010 core
and a lossless core, and one where the core tanδ is varied (red
curves) considering an ABS cladding and a lossless cladding.
At both frequencies, the difference between the dashed and
solid red lines (ABS and lossless cladding) is larger than the
difference between the dashed and solid black lines (RO3010
and lossless core). The data show that selecting a lossy material
(tan δ = 0.015) over a low lossmaterial (tan δ = 0.005) for the
DRA cladding yields a ∼0.5 dB reduction of the end-fire gain.
Therefore, it can be concluded that the cladding loss tangent
variation has a more significant effect on the multilayer DRA
gain than the variation of the core loss tangent in the same range
of values. This behavior can be attributed to the higher portion
of the electromagnetic field that is radiated through the cladding
in comparison to the core.
The simulated effects of varying the cladding permittivity on

the gain of the multilayer DRA are presented in Fig. 9. The
permittivity value is increased from εr = 1, which represents
the absence of the cladding, up to a value of εr = 10.2 repre-
senting an identical material to that used for the core. Cladding
permittivities between 1.6 and 2.6 provide a significant gain

Fig. 10. Simulated gain versus cladding to core permittivity ratio for different
frequencies.

enhancement when compared to the gain response of the non-
cladded antenna. The gain increment in these cases can range
from 1.8 up to 7 dB over frequency. Moreover, the frequency
of the end-fire peak gain can be tuned within the Ku band by
adjusting the cladding dielectric constant. For cladding permit-
tivity values between 2.6 and 3.6, the gain improvement is only
present in the lower end of the frequency band, thus worsening
the antenna performance for higher frequencies. For all fre-
quencies within the band, the best performance of the proposed
multilayer DRA is achieved when a low permittivity material
(1.6 ≤ εr ≤ 2.6) is utilized.

Fig. 10 shows the simulated end-fire peak gain versus the
permittivity ratio εclad/εcore. As in Fig. 9, the cladding permit-
tivity was varied from 1 to 10.2 (the core permittivity value)
corresponding to a permittivity ratio variation of 0.1 to 1. For all
frequencies within the Ku band, the best performance of the pro-
posed design is achieved when the cladding to core permittivity
ratio lies between 0.15 and 0.4.

V. CONCLUSION

The effect of the cladding properties on the proposed mul-
tilayer DRA performance was studied. The multilayer DRA is
formed by a high permittivity core (εr = 10.2) with rectan-
gular cross-section, surrounded by a low permittivity cladding
(1.6 ≤ εr ≤ 2.6). It is found that enhancements in gain and
beamwidth can be achieved by providing the proper dielec-
tric loading with respect to a single-layer design of the same
length, without reducing the operational bandwidth. Simulated
and measured data show that a low permittivity cladding can be
utilized to tune the end fire peak gain to the desired frequency,
from 12 GHz with εr = 2.6 cladding to 17 GHz with εr = 1.6
material. Physical changes to achieve the desired permittivity
can be easily achieved by modifying the printing infill factor of
the thermoplastic material. A multilayer DRA with a εr = 1.6
cladding shows a gain enhancement in the entire frequency band,
with a peak gain improvement of 4.5 dB and 20° HPBW reduc-
tion at 17.2 GHz. The gain increment in the multilayer DRA
with a cladding of εr = 1.6 can be achieved by a noncladded
DRA only if the body-tapered length is increased more than
2.25 times. The multilayer DRA also increases the electric field
confinement in the core, which translates to a higher potential
packing density in an array configuration.
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