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Abstract— In this paper, a rectangular dielectric rod antenna
fed by an air-substrate parallel strip line is proposed. The
dielectric rod has a compact and regular structure, which is easy
to fabricate. The matching of the antenna is mainly determined
by the parallel strip line, which simplifies the design process.
Fed by an air-substrate parallel strip line, the antenna obtains
a relatively uniform magnitude distribution on the surface and
a moderate phase constant. With the length of 6 wavelengths at
the center frequency of 6 GHz, the antenna generates a high
measured gain of 16.7 dBi. The measured 1 dB gain bandwidth
is about 18.3%. Over the entire operating band from 5.4 to
6.6 GHz, a stable endfire radiation pattern and a good matching
are achieved by the antenna.

Index Terms— Air substrate, parallel strip line, rectangular
dielectric rod antenna.

I. INTRODUCTION

D IELECTRIC rod antennas have received extensive atten-
tion for many years. With the merits of wide bandwidth,

high radiation efficiency and stable radiation pattern, dielectric
rod antennas have been widely applied to high-speed wireless
communication, radar, and satellite communication systems.
During recent years, it is found that dielectric rod antennas
have the advantages of low cost, lightweight, easy fabrication,
and easy integration with semiconductor devices in millimeter-
wave (mm-wave) band. Therefore, dielectric rod antennas
are promising candidates for variable mm-wave applications,
such as automobile collision avoidance radar, chip-to-chip
communication, and mm-wave imaging.

The configuration of the dielectric rod antennas could be
flexibly designed. To obtain a good impedance matching to
free space and decrease the sidelobe level, the taper dielectric
rods [1]–[3] and dielectric rods loading with air holes [4], [5]
were adopted in a large number of dielectric rod antennas.
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To further increase the fundamental-mode operating band-
width, the dielectric rods with multiple layers of different
materials were applied to several dielectric rod antennas
[6]–[8]. For enhancing the gains of the dielectric rod antennas,
the dielectric rods could be designed with a large cross-
section [9], [10] or a nonlinear profile optimized by genetic
algorithm [11]. By adding periodical elements on the dielectric
rod, the impedance matching and the gain could be increased
simultaneously [12]. Nevertheless, due to the irregular and
complicated structures of the dielectric rods, the dielectric rod
antennas might suffer from the complex design process, high
fabrication cost, and low mechanical strength.

Dielectric rod antennas could be excited by several types of
feed structures. For the ultra-wideband dielectric rod antennas,
dipole antennas with reflector [13], [14], Vivaldi antennas
[15]–[17], and conical or V-shaped waveguides [18]–[20] were
adopted as the feed structures. With the merits of small dimen-
sion and broadband [21], standard open-end waveguides were
popularly utilized to feed the dielectric rod antennas [22], [23].
When the end of open-end waveguides were added by
launching horns [2], [3] or antipodal linearly tapered slot
antennas [10], the unguided radiation from the feed struc-
ture could be suppressed. The open-end waveguides could
be designed using substrate integrated waveguide technique
[24], [25], which reduces the integration complexity and
fabrication cost of the dielectric rod antennas. For the feed
structures mentioned above, when they are employed as the
feed structure of the dielectric rod antennas, the dielectric
rods are excited from one side with one feed point. Due
to the different modal field configurations between the feed
structures and the dielectric rods, the magnitude distributions
on the surface of the dielectric rod are not uniform, which
might have negative influences on the radiation patterns and
gains [1].

This paper presents a rectangular dielectric rod antenna fed
by an air-substrate parallel strip line. The parallel strip line is
a continuous feed structure. It is placed in the middle of the
dielectric rod. The length of the parallel strip line is the same
as the dielectric rod. As presented in Fig. 1, the structure of
the proposed antenna is different from the typical dielectric
rod antenna. By adopting the parallel strip line with air media
as the feed structure, the proposed antenna has the following
features

1) The dielectric rod has a regular and compact structure,
which is easy to fabricate.
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Fig. 1. Comparison of the geometries between the (a) typical dielectric rod
antenna [1] and the (b) proposed dielectric rod antenna.

2) The reflection magnitude of the antenna is insensitive to
the material and dimension of the dielectric rod and is
mainly determined by the matching of the parallel strip
line, which simplifies the design process.

3) The dielectric rod could be readily designed with a long
structure and a relatively uniform surface magnitude
distribution, which is helpful to realize a high gain.

4) The antenna has a moderate phase constant over a broad
bandwidth, leading to a stable endfire radiation pattern.

5) With a matching port (Port 2), the undesired energy
could be absorbed to realize a high front-to-back ratio.

Based on the performance mentioned above, the antenna is
easy to design and fabricate, and it could realize a stable
endfire radiation pattern with high gain in a broad bandwidth.

In Section II, the detailed configuration, working principle,
design considerations, and performance analysis are systemat-
ically described. In Section III, a fabricated prototype of the
proposed antenna is presented to verify the design strategy.

II. ANTENNA DESIGN AND ANALYSIS

A. Antenna Geometry

The geometry of the proposed rectangular dielectric rod
antenna is plotted in Fig. 2. Without loss of generality,
the center frequency of the antenna is selected as 6 GHz. The
antenna consists of a parallel strip line and a dielectric rod. The
parallel strip line is the feed structure, and the dielectric rod
is the radiating structure of the antenna. To properly energize
the antenna, the two ends of the parallel strip line are both
connected to a conversion transformer and a coaxial line.

With a simple structure and reasonable operating bandwidth,
the conversion transformer shown in [26, Fig. 4] is adopted in
the proposed antenna. As depicted in Fig. 2(a), the classical
conversion transformer in [26] is composed of a taper, a closed
expanded shield, and a coaxial line extended shield. Because
the dielectric rod should be directly fed by the parallel strip
line, the expanded shield surrounding the parallel stripline,
which is used for suppressing the undesired radiation from the
parallel strip line, is removed in the conversion transformer of
the proposed antenna. As plotted in Fig. 2(b), the conversion
transformer of the proposed antenna consisted of a taper, and
a balun is presented. The taper structures are used to mitigate

Fig. 2. Geometry of the proposed rectangular dielectric rod antenna. (a) Cross
section of the classical conversion transformer in [26]. (b) Cross section of
the conversion transformer in the proposed antenna. (c) 3-D view of the feed
structure. (d) 3-D view of the proposed antenna.

the effect of the discontinuities. The balun is formed by the
coaxial line extended shield and the other part of the expanded
shield. It is utilized to reduce the electric current on the outside
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TABLE I

DETAILED DIMENSION OF THE PROPOSED ANTENNA

Fig. 3. Simulated cutoff frequency fc of the TE1 and TM2 modes versus
the height H and the relative permittivity εd of the dielectric rod.

of the coaxial line and maintain the electric currents on the
two types of transmission line in their proper relations [26].

The air-substrate parallel strip line operates on TEM mode.
With a very low profile FH of 2 mm (0.04 wavelength at
the center frequency of 6 GHz), the parallel strip line has a
weak radiating capability and good transmission performance.
As plotted in Fig. 2(b), the parallel strip line is located in the
middle of the dielectric rod. The dielectric rod is designed
by Teflon (εd = 2.05, tanσ = 0.002). It is composed of two
identical rectangular dielectric structures. The width W of the
dielectric rod is the same as the parallel strip line. With a
rectangular dielectric rod and an embedded parallel strip line,
the structure of the antenna is compact and regular, which is
easy to design and fabricate. The detailed dimensions of the
antenna are shown in Table I.

B. Design Considerations

In the design of the proposed dielectric rod antenna,
the dimension and the material of the dielectric rod are the
most crucial parameters. In this section, the field configuration
and parameters of the dielectric rod are investigated elabo-
rately.

First of all, to obtain a stable performance, the dielectric
rod should work on the fundamental operating mode over
the entire operating bandwidth. The fundamental operating
mode of the dielectric rod is the transverse magnetic zero
(TM0) mode. As shown in Fig. 2(b), due to the effect of the
parallel strip line, the proposed dielectric rod antenna could

Fig. 4. Schematic vector electric field distribution of the (a) parallel strip
line and the (b) dielectric rod on the yoz plane. Schematic vector magnetic
field distribution of the (c) parallel strip line and the (d) dielectric rod on the
xoy plane. The parallel strip line works on TEM mode and the dielectric rod
works on TM0 mode. To simplify the explanation, only the field distributions
inside the dielectric rod are plotted in (b) and (d).

be regarded as a combination of two half-mode dielectric rods
mounted on the conducting plane. Owing to the boundary con-
dition, the dielectric rod of the proposed antenna only supports
the operating modes of TMm odd and transverse electric (TEm)
even modes [27]. Therefore, the lowest operating three modes
of the proposed antenna are TM0, TE1, and TM2.

Based on (1), the cutoff frequency fc of the TE1 and TM2
operating modes are determined by the height H and the
relative permittivity εd of the dielectric rod [27]. As plotted
in Fig. 3, when the height H or the relative permittivity εd of
the dielectric rod increase, the cutoff frequency fc of higher
order modes decreases. To suppress the higher order modes in
the dielectric rod, the material of low relative permittivity εd

is a better choice for the dielectric rod

( fc)m = m

4H
√

μdεd − μ0ε0

m= 0, 2, 4, . . . ,T Mz(odd)
m= 1, 3, 5, . . . ,T Ez(even)

(1)

Next, the feasibility of the dielectric rod fed by a parallel
strip line is evaluated from the perspective of electric and
magnetic field configurations. The field configurations of the
dielectric rod working on TM0 mode and the air-substrate
parallel strip line working on TEM mode are presented in
Fig. 4. From Fig. 4, the vector electric and magnetic field dis-
tributions outside the parallel strip line and inside the dielectric
rod are similar to each other. It indicates that the energy
in the parallel strip line could be coupled by the dielectric
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Fig. 5. Simulated S-parameters of the feed structure and the proposed
antenna. The configurations of the feed structure and the proposed antenna
are exhibited in Fig. 2.

rod when the parallel strip line is placed in the middle of
the dielectric rod. However, as shown in Fig. 4(a) and (c),
the energy of the parallel strip line mainly concentrates on the
center. For feeding the dielectric rod effectively, the parallel
strip line should be long enough and work as a continuous
feed structure. For the proposed antenna, the length L of the
parallel strip line is designed similarly as the dielectric rod.

Due to the similar modal field configurations plotted in
Fig. 4, when the parallel strip line is loaded by dielectric
rod antenna, the reflection magnitude of the parallel strip line
is not affected seriously. As illustrated in Fig. 5, over the
entire operating bandwidth, the reflection magnitude of the
parallel strip line in Fig. 2(a) and the proposed dielectric
rod antenna in Fig. 2(b) are similar to each other, which
are both lower than −15 dB. However, since the energy in
the parallel strip line is coupled effectively to the dielectric
rod, the transmission magnitude of the proposed dielectric
rod antenna drops dramatically around the center frequency
compared with the parallel strip line alone.

Then, the influence of the dielectric rod’s material on
the performance of the proposed antenna is investigated.
The reflection magnitudes and the phase constants βz along
the propagation direction (z-axis) of the proposed antenna
versus different relative permittivity εd of the dielectric rod
are exhibited in Fig. 6. As a comparison, the phase constant
βH−W satisfies Hansen–Wordyard (H–W) condition [28] and
phase constant β0 in free space are added together. In H–W
condition, the phase difference between the surface wave and
the free-space wave is approximately 180◦, which is presented
in the following equation:

LβH_W − Lβ0 ≈ π. (2)

For a dielectric rod working on TM0 mode, the phase
constant βz could be represented by (3)–(5) and βyd, ay0 and
βz must all be real, where ay0 is the attenuation constant along
y-axis in free space and βyd is the phase constant along y-axis
in dielectric rod [27]. By solving (3)–(5) to achieve the phase
constant βz, it is found that the dielectric rod with a higher

Fig. 6. Simulated reflection magnitude and normalized phase constant of the
proposed antenna at 6 GHz versus relative permittivity εd of the dielectric
rod. At a different relative permittivity εd , the dimension of the dielectric rod
is optimized to make the antenna obtain the maximum leakage constant.

Fig. 7. Simulated reflection magnitude and normalized leakage constant of
the proposed antenna at 6 GHz versus the height H of the dielectric rod. The
relative permittivity εd of the dielectric rod is 2.05.

dielectric constant has a large dispersion versus frequency [27]

β2
z = β2

0 + α2
y0 = ω2μ0ε0 + α2

y0 (3)

β2
z = β2

d − β2
yd = ω2μdεd − β2

yd (4)

βyd tan(βydh) = εdαy0. (5)

As shown in Fig. 6, with the relative permittivity εd

increases from 2.0 to 6.0, the phase constant βz of the proposed
antenna raises slightly and keeps close to βH−W. Considering
the influence of the dispersion and the higher order modes,
the dielectric constant of the dielectric rod should be low.
Owing to the merits of low cost and easy fabrication, Teflon is
adopted to make up the dielectric rod of the proposed antenna.

Finally, the influence of the dielectric rod’s dimension on the
coupling between the dielectric rod and the parallel strip line
is studied. To simplify the design process, the width W of the
dielectric rod is the same as the parallel strip line. As shown
in Fig. 7, when the material of dielectric rod is specified, the
leakage constant α is adjusted with the change of the height
H . When the height H of the dielectric rod is 15 mm, about
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99.5% of the energy in the parallel strip line is coupled to
dielectric rod based on the following equation [1]. From Fig. 7,
with suitable width W and height H of the dielectric rod, the
parallel strip line could feed the dielectric rod effectively

Percentage of power coupling = 100×
(

1 − e
−4παL

k0λ0

)
. (6)

In conclusion, the design process of the proposed antenna
is relatively simple. As exhibited in Figs. 5–7, the reflection
magnitude of the proposed antenna is insensitive to the mate-
rial and dimension of the dielectric rod, and the reflection
magnitude is only determined by the matching of the parallel
strip line. Therefore, in the design process of the proposed
antenna, after designing a parallel strip line with a good
matching, only the material and the dimension of the dielectric
rod need to be considered to couple the energy effectively from
the parallel strip line.

C. Antenna Performance Analysis

The performance of the proposed antenna is investigated in
this section, which further explains the operating principle of
the proposed antenna.

For the typical dielectric rod antennas, they might have a
nonuniform energy distribution on the surface of the dielectric
rod, which is caused by the single feed point and the dif-
ferent field configurations between the feed structure and the
dielectric rod [1]. Fed by a parallel strip line, the characters
of the proposed antenna has some different from the typical
dielectric rod antennas. As shown in Fig. 8(a), when port 1
of the proposed antenna is excited, and port 2 has a good
matching, the energy in the parallel strip line is gradually
coupled by the dielectric rod, and the energy in the dielectric
rod disperses along the propagation direction (z-axis).

The electric field magnitude distributions at different posi-
tions are presented in Fig. 9 to evaluate the energy distribution
in the dielectric rod. As shown in Fig. 9(a), when the position
is close to the feed port (Port 1), the energy is mainly gathered
around the parallel strip line. At the position close to the
terminal port (Port 2), the energy in the dielectric rod is
relatively uniform. As shown in Fig. 9(b), influenced by the
parallel strip line, the energy distribution on the surface of the
dielectric rod is still relatively uniform, although the energy
in the parallel strip line reduces gradually.

Fig. 10 presents the normalized leakage constant α/k0 and
phase constant βz/k0 versus frequency. Around the center
frequency of 6 GHz, the coupling between the dielectric rod
and the parallel strip line is higher, achieving a higher leakage
constant. Based on (6), the value of power coupling is higher
than 68.7% from 5 to 7 GHz with the maximum value of
99.7%. With the frequency increasing, the normalized phase
constant βz/k0 of the proposed dielectric rod antenna rises
at the same time, which is similar to the performance of
the dielectric waveguide antennas [29], [30]. From Fig. 10,
the value of the normalized phase constant βz/k0 is moderate
and close to the phase constant of H–W condition over the
entire operating bandwidth, which indicates that the proposed
antenna satisfies the requirement of the endfire radiation.

Fig. 8. Simulated electric field magnitude distribution of the proposed
antenna at 6 GHz on the (a) reference plane A and (b) reference B,
respectively.

With a relatively uniform energy distribution on the sur-
face of the dielectric rod and a moderate phase constant,
the proposed antenna could generate a large effective radiating
aperture as plotted in Fig. 8(b), resulting in a high endfire gain.

III. EXPERIMENTAL VERIFICATION

A prototype is fabricated and tested to provide verifica-
tion of the proposed design strategy. The configuration of
the proposed dielectric rod antenna is exhibited in Fig. 11.
The height FT of the copper strip is 0.5 mm. A foam with the
thickness FH of 2 mm is filled between the two copper strips
as support. The foam and the two copper strips form the
air-substrate parallel strip line. The two dielectric sticks are
located on the two sides of the parallel strip line, respectively.
The expanded shield of the balun is realized by a hollow
metallic cylinder. The proposed antenna is fed from Port 1, and
Port 2 is terminated with a matching load. By using a N5071B
vector network analyzer (300 kHz–9 GHz), the measured
S-parameters was obtained. In a far-field anechoic chamber,
the gains and radiation patterns of the proposed antenna were
measured.

The simulated and measured radiation pattern of the antenna
at the center frequency is presented in Fig. 12. The simulated
and the measured half-power beam widths of the radiation
pattern on E-plane are 26◦ and 25◦, respectively. The simulated
and measured half-power beam widths of the radiation pattern
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Fig. 9. Simulated electric field magnitude distribution of the proposed
antenna at 6 GHz. (a) Electric field magnitude distribution along the y-axis on
different positions of the top-half dielectric rod. (b) Electric field magnitude
distribution along the z-axis on the top surface of the dielectric rod and the
middle of the parallel strip line, respectively.

Fig. 10. Simulated normalized leakage constant and phase constant of the
proposed antenna versus frequency. As a comparison, the phase constants in
free space and theoretical Hansen–Woodyard condition are added in the figure.

on H-plane are 28◦ and 26◦, respectively. From Fig. 12,
the cross-polarizations are lower than −30 dB at the main
beam direction. As shown in Fig. 13, from 5 to 7 GHz, the

Fig. 11. Photograph of the fabricated proposed antenna.

Fig. 12. Simulated and measured normalized radiation patterns of the
proposed antenna at the center frequency of 6 GHz. (a) E-plane. (b) H-plane.

simulated and measured reflection magnitude of the antenna
are both lower than −15 dB, which indicates that the antenna
has a good matching. At the center frequency of 6 GHz,
the simulated and measured transmission magnitude are both
lower than −26 dB. The simulated transmission magnitude
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TABLE II

COMPARISON OF DIMENSIONS, GAINS, AND OPERATING BANDWIDTH (NG: NOT GIVEN)

Fig. 13. Simulated and measured S-parameters of the proposed antenna.

is lower than −10 dB from 5.5 to 6.6 GHz. The measured
transmission magnitude is lower than −10 dB from 5.3 to
6.7 GHz. According to Fig. 13, most of the energy in the
air-substrate parallel strip line is coupled by the dielectric rod
antenna over a wide bandwidth around the center frequency.
The simulated and measured endfire and backfire gains are
illustrated in Fig. 14. Over the entire operating bandwidth
from 5.4 to 6.6 GHz, the simulated and measured endfire
gains are both higher than 15 dBi, and the simulated and
measured backfire gains are both lower than 1.5 dBi. The
simulated and measured gains at the center frequency are
16.8 and 16.7 dBi, respectively. The maximum simulated gain
is 17.4 dBi at 6.5 GHz, and the maximum measured gain
is 17.8 dBi at 6.4 GHz. The simulated and measured 1 dB
gain bandwidths are about 20.0% and 18.3%, respectively. The
simulated efficiency is also presented in Fig. 14. It is noted
that most of the energy is radiated around the center frequency.
From 5.4 to 6.6 GHz, the efficiency of the antenna is higher
than 86.2%. The slight difference between the simulated
and measured results may be attributed to the fabrication
and assembly errors. However, it still indicates that good
agreement between the simulated and measured results.

Table II exhibits a comparison between the proposed
antenna and the dielectric rod antennas in the open literature.
The dimensions and gains of the antennas are calculated at the

Fig. 14. Simulated and measured endfire gains, and simulated efficiency of
the proposed antenna.

center frequency. The gain-to-length ratio is calculated based
on (7), which is defined in [1]. The length in (7) is the physical
length of the antenna. As presented in Table II, comparing
with most of the dielectric rod antennas, such as [6] and [23],
the proposed antenna has a relatively high gain-to-length ratio
and could be designed with a longer structure to achieve a
higher gain. Comparing with the dielectric rod antenna with
high gain-to-length ratio [10], [11], the proposed antenna has a
wider operating bandwidth or a narrower structure. Therefore,
the proposed antenna has the merits of compact structure, high
gain, high gain-to-length ratio, and broadband simultaneously.
Moreover, as mentioned earlier, the proposed antenna is easy
to design and fabricate

Gain_to_length ratio ∼= G×λ0

L
. (7)

IV. CONCLUSION

This paper proposes a dielectric rectangular dielectric rod
antenna fed by an air-substrate parallel strip line. Due to the
similar modal field configurations, the dielectric rod could cou-
ple the energy from the parallel strip line with little effect on
the reflection magnitude of the parallel strip line. The material
and the dimension of the dielectric rod have an influence on the
operating mode of the dielectric rod and the coupling ability
between the parallel strip line and dielectric rod. The energy



HOU et al.: RECTANGULAR DIELECTRIC ROD ANTENNA FED BY AIR-SUBSTRATE PARALLEL STRIP LINE 6315

coupled from the parallel strip line disperses gradually in the
dielectric rod along the propagation direction (z-axis) leading
to a relatively uniform magnitude distribution. Designed with
the material of low dielectric constant, the dielectric rod
working on TM0 mode has a moderated phase constant over
the entire operating bandwidth.

With the advantages of high gain, high gain-to-length ratio,
stable radiation pattern, broadband, and easy design, the pro-
posed antenna is a good candidate for various high gain and
broadband applications. However, it is found that when the
frequency deviates from the center frequency, the transmission
magnitude increases, which leads to the 1 and 3 dB gain band-
width reduction. For this reason, further studies are required
to improve the gain-bandwidth performance of the proposed
antenna.
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