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Demonstration of the Discontinuity-Radiation

Concept
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Abstract—A technique combining the finite-difference time-do-
main method and the imaginary-distance beam-propagation
method is used to demonstrate the discontinuity-radiation concept
for a dielectric rod antenna. The field near the rod is decomposed
into a guided and an unguided wave. Using the two waves, the feed
and terminal patterns are evaluated. It is numerically revealed
that superposing the two patterns forms the radiation field of the
antenna. The decomposition technique enables us to efficiently
evaluate the directivity of a long rod antenna.

Index Terms—Dielectric antennas, dielectric waveguides, end-
fire antennas, finite-difference time-domain (FDTD) methods, fi-
nite difference methods.

I. INTRODUCTION

A DIELECTRIC rod antenna has been used as an endfire ra-
diator for many years [1]–[10]. Experimental studies have

been conducted at microwave and millimeter-wave frequencies
[5]–[10]. Despite the extensive use of the antenna, no exact de-
sign procedure exists for them [10]. Theoretical methods usually
involve simplifications and only provide general design guide-
lines [1]–[4].

The radiation mechanism of the dielectric rod antenna can be
explained by the so-called discontinuity-radiation concept [1],
in which the antenna is regarded as an array composed of two
effective sources at the feed and free ends of the rod. Part of
the power excited at the feed end is converted into guided-wave
power and is transformed into radiation power at the free end.
The remaining power is converted into unguided-wave power
radiating near the feed end. Therefore, the directivity of the di-
electric rod antenna is characterized by the directivities gener-
ated by the two effective sources. However, no exact calculation
based on the discontinuity-radiation concept has been made for
a practical rod antenna. This is due to the difficulty in quantita-
tively evaluating the radiation fields generated from the discon-
tinuities at the feed and free ends.

On the other hand, a dielectric rod has received much atten-
tion in the waveguide analysis as well as the antenna analysis,
since the knowledge of the eigenmode is of fundamental im-
portance in the design of a dielectric waveguide circuit. Many
methods have been proposed for this important issue [11]–[16].
Note, that the methods developed in [14]–[16] are based on
Yee’s mesh. The use of Yee’s mesh has the advantage that the
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obtained eigenmode fields can directly be utilized for the fi-
nite-difference time-domain (FDTD) method.

Recently, a technique combining the FDTD method and the
eigenmode solver based on Yee’s mesh [16], [17] has been pro-
posed by the authors [18]. This technique enables us to decom-
pose the total field near the rod into the guided and unguided
waves. The technique can lead to deeper insight into the radia-
tion mechanism of the dielectric rod antenna.

The purpose of this paper is to demonstrate the discontinuity-
radiation concept for a dielectric rod antenna fed by a metallic
waveguide with a planar ground plane, and to show how the
use of the discontinuity-radiation concept enhances the compu-
tational efficiency for the design of a long dielectric rod antenna.

The field near the rod is decomposed into the guided and un-
guided waves. Using the obtained waves, we can evaluate a feed
pattern corresponding to the directivity generated by the effec-
tive source at the feed end and a terminal pattern corresponding
to that at the free end. It is numerically revealed that superposing
the feed and terminal patterns forms the radiation pattern of the
dielectric rod antenna. The gain of a long rod antenna is effi-
ciently calculated by superposing the feed and terminal patterns.
The radiation characteristics calculated on the basis of the dis-
continuity-radiation concept agree well with experimental re-
sults.

II. NUMERICAL METHODS

A. FDTD Analysis

Fig. 1 shows the configuration of a dielectric rod antenna fed
by a rectangular waveguide with a planar ground plane. The rel-
ative permittivity of the rod is chosen to be (Teflon)
[note, that some data for (polycarbonate) will also
be presented for comparison]. It is assumed that the metallic
waveguide and the ground plane are perfectly conducting, and
that the dielectric rod is lossless medium.

The total field in the computational region (see Fig. 2) is eval-
uated by the use of the FDTD method. The grid widths are taken
to be mm , mm , and

mm. Owing to the symmetry of the configuration with
respect to the and planes, the antenna system is
analyzed using a quarter region of a full computational region:

.
The metallic waveguide is excited with the mode. For

a continuous wave simulation of the mode, we use an
excitation scheme of a -propagating incident waveform [19],
[20].
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(a)

(b) (c)

Fig. 1. Configuration of a dielectric rod antenna [� = 2:1,a = 22:9mm,
b = 10:2 mm, L = � , f = 9 GHz (� � 33:3 mm)]. (a) Overall
geometry. (b) Top view. (c) Side view.

Fig. 2. Computational region.

The concurrent complementary operators method (C-COM)
employing a second-order Higdon operator [21] is applied to the
outer boundary of the computational region, as shown in Fig. 2.
The C-COM can achieve a wide dynamic range in spite of the
fact that only a few cells are required in the absorbing boundary
region. In this analysis, four cells are allocated for the absorbing
region.

B. Eigenmode Analysis

To decompose the total field near the rod into the guided
and unguided waves, we first have to evaluate the field pro-
file and the propagation constant of the eigenmode in the
rod. For the eigenmode analysis, the use of Yee’s mesh is desir-
able [14]–[16], since the obtained eigenmode field distributions
can be naturally incorporated into the FDTD analysis. In this
paper, the imaginary-distance beam-propagation method based
on Yee’s mesh (YM-BPM) [16], [17] is adopted for the analysis
of the eigenmode in the rod.

The formulation of the YM-BPM begins with Maxwell’s
equations. We express the electric and magnetic fields
as and

, where
and are the slow-varying envelope functions of
, and is the reference phase constant representing the

fast-varying spatial phase. Following Lee’s procedure [16], we
obtain six difference equations for the field components based
on Yee’s mesh. It should be noted that and components
are determined using the relations of and .
As found in [16], the use of the divergence relations contributes
to a reduction in round-off errors with subsequent stability of
the numerical results.

We recall that the forward-traveling modes of a uniform
waveguide along the direction can be expressed by a sum of
normal modes

(1)

where is any field component, is the eigenvector, is the
amplitude for the forward-traveling mode, and is the propa-
gation constant of the eigenmode. The subscriptindicates the
mode order.

is also written as

(2)

where is the slow-varying envelope function of. Substituting
(2) into (1), we obtain

(3)

We now change the coordinatein the propagation direction
to , replacing the sinusoidal phase variation in the real axis

propagation with the exponential amplitude variation in the
imaginary axis propagation. Therefore, as an arbitrary input
field propagates in the direction, the fundamental mode with
the largest grows faster (decays slower) than the higher order
modes for . In other words, an arbitrary
input field that contains the lowest mode field converts into the
lowest eigenmode field, as the input field propagates in the
direction. The field distributions of all components are calcu-
lated stepwise in the direction.
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Fig. 3. Field distribution ofE (half region).

After the convergence to the eigenmode field,is evaluated
by the growth or decay in the propagating field amplitude of any
component at and

(4)

In this paper, is obtained at a propagation distance of
mm , where the convergence of in six dec-

imal places is obtained. Preliminary calculation shows that the
dielectric rod treated in this paper operates as a single mode
waveguide at testing frequencies. The cutoff frequency of the

mode for a rod of is 12.2 GHz, and that for
is 9.9 GHz.

III. D EMONSTRATION OF THEDISCONTINUITY-RADIATION

CONCEPT

A. Decomposition of Field

Consideration is first given to the behavior of the guided and
unguided waves generated from the discontinuity at the feed
end. To investigate the essential properties of the two waves, we
consider a case in which the reflected wave from the free end is
eliminated. For this purpose, the free end is directly terminated
with the condition based on the C-COM, as depicted in Fig. 2.

Fig. 3 shows the typical intensity distribution of in the
plane for . Since the field profile of the

mode is different from that of the mode in the dielectric
rod [11], part of the power excited at the feed end is converted
into the guided-wave power, and the remaining power is into
the unguided-wave power. To interpret the behavior of the two

Fig. 4. Variation in propagation constant ofE .

waves, we decompose the total field near the rod, , into the
guided wave and the unguided wave

(5)

Separating the guided wave into an amplitude term and a
phase term, we write as

(6)

where is the field profile of the eigenmode propa-
gating along the rod, is a coefficient of the amplitude, and
is an initial phase of the surface wave at the feed end.
and are calculated by the YM-BPM. To decompose the total
field, we have to know and .

At sufficiently long distance where the un-
guided-wave power is nearly eliminated,
can be regarded as . In other words, the phase
of almost becomes a reference phase

of the guided wave . To
demonstrate this fact, the variation of the propagation constant
as a function of is shown in Fig. 4. The propagation constant
is calculated by evaluating the difference in the phase of the
total field of on the axis between two adjacent axial steps.
We can find some fluctuation near the feed end, owing to the
effects of the evanescent field, but the propagation constant
rapidly converges to the eigenvalue as the field propagates.
Note that may also be determined from the amplitude of

. To increase the accuracy, however, we
employ the least-squares technique described in [19], in which
the orthogonality relation between the guided and unguided
waves is utilized.

Once is determined, is evaluated by .
Consequently, in (6) is obtained from the determined

and . Finally, is calculated by subtracting
from .

Fig. 5(a) and (b) illustrate the intensity distributions of the
guided and unguided waves of in the plane, respec-
tively. The ratio of the total radiation power to the guided-wave
power shows that the guided wave is excited with an efficiency
of approximately 49% at the feed end. Since the decomposition
technique separates the total field into the guided and unguided
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(a)

(b)

Fig. 5. Field distributions ofE (half region). (a) Guided wave. (b) Unguided
wave.

waves, we can separately evaluate the directivities generated by
the two waves as will be discussed in Section III-B. It should be
noted that the unguided wave is characterized by a leaky wave,
which travels some distances along and close to the rod axis,
and a space wave, which rapidly propagates away from the rod
[22]. The existence of the leaky wave leads to the fact that, in
the discontinuity-radiation concept, the feed source cannot be
localized in contrast to the terminal source. We will, therefore,
determine a sufficient length to validate the present method
in Fig. 7.

B. Directivity

Before the demonstration of the discontinuity-radiation con-
cept, the directivity of the rod antenna is evaluated as a

(a)

(b)

Fig. 6. Feed and terminal patterns; terminal pattern���, feed pattern atL =

50mm� � �, atL = 100mm���, atL = 150mm���, atL = 200mm—.

reference data using only the conventional FDTD analysis. For
the calculation of the directivity as a function of rod length ,
a virtual closed surface [20] containing a plane at
is placed in the computational region. The virtual closed sur-
face is plotted by broken lines in Fig. 2. The and
planes of the virtual closed surface, which is regarded as Kirch-
hoff-Huygens’ plane, are extended to the direction with an
increase in . As mentioned in Section II-A, the dimension
toward the direction in the computational region is chosen
to be mm due to the limited computer
memory. This allows the analysis of the rod antenna with an

up to 260 mm. The directivity calculated from the total
field based on the Kirchhoff-Huygens’ plane corresponds to that
of an antenna with a rod length , under the condition that
the reflection from the free end is neglected.

According to the discontinuity-radiation concept, the radia-
tion pattern of the dielectric rod antenna is evaluated by super-
posing the terminal and feed patterns generated from the guided
and unguided waves. Once the feed and terminal patterns are ob-
tained using the two waves, we do not need to repeatedly use the
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Fig. 7. Determination of sufficient lengthL (gain atL = 260 mm).

FDTD method. Superposing the two patterns enables us to eval-
uate the radiation characteristics of a longer rod antenna without
increasing the CPU time and memories.

We should recall that the leaky wave travels along the rod
over an appreciable distance, as shown in Fig. 5(b). This means
that the feed pattern generated by the unguided wave cannot be
evaluated at the feed plane , but should be evaluated
at a distance where the leaky wave along the rod is negligible.
To show the effects of the leaky wave, we calculate the feed
patterns at various distances’s. Fig. 6 shows the variation of
the feed pattern for . The feed pattern is normal-
ized to the maximum value of the terminal pattern illustrated
for reference. It is found that the feed pattern almost converges
at mm.

As a result, the shape of the feed pattern becomes almost in-
variable with an increase in provided is more than

. The shape of the terminal pattern is also independent of the
rod length. On the other hand, the phase relation between the
feed and terminal patterns changes, since the phase of the effec-
tive source at the free end delays as is increased. Therefore,
the total radiation pattern of the dielectric rod antenna
with is obtained by superposing the feed pattern
and the terminal pattern with the phase difference
between the two effective sources, i.e.

(7)
where is a wavenumber in free space. Although not illus-
trated, good agreement is found to exist between the superposed
pattern and the pattern calculated using the total fields. In other
words, superposing the feed and terminal patterns forms the ra-
diation pattern of the dielectric rod antenna.

Superposing the two patterns allows us to calculate the gain
for an arbitrarily long rod antenna. Before calculating the gain,
we again check the sufficient length. Fig. 7 shows the gain for

mm as a function of . The results are presented
for both 2.1 and 2.8. It is found that the gain almost
converges, provided is more than 150 mm.

Fig. 8. Gain as a function of rod length.

We now calculate the gain as a function of . Fig. 8 shows
the gain obtained by superposing the two patterns (solid circles),
together with the data obtained from the total fields (solid line).
There is essentially no difference between the results obtained
from the superposition and the total fields over a range of
from 120 mm to 260 mm. The gain for 2.1 reaches a
maximum value of 14.7 dB at 260 mm. Note that the
information needed for the superposition is calculated at
150 mm. Therefore, as is decreased from 150 mm, the
superposition data induce errors.

Fig. 8 also shows the gain for 2.8. It is well known
that the change in affects the gain characteristic and that
the peak gain decreases with an increase in . The decrease
in the peak gain is attributed to the fact that the terminal pat-
tern becomes wider as is increased, reducing the effective
source area at the free end.

It is worth mentioning that the use of superposition technique
drastically reduces the CPU time and memories, as compared
with the FDTD analysis, when a long rod antenna is treated.
For the FDTD analysis, when the is doubled, the required
memories and calculation steps are also doubled. Although an
increase in the calculation steps results in an increase in the CPU
time, the rate of the CPU time increase is not linear, since we
have to choose a longer duration time with an increase in
for numerical convergence. For example, we need 45 min and
230 MB in the FDTD analysis for mm on a Pen-
tium 600-MHz PC. After this calculation, we can calculate any
longer antenna with almost no additional CPU time using the
superposition technique. In contrast, if we directly analyze the
antenna with 260 mm, more than 100 min are needed.
Furthermore, we can not calculate a longer antenna over
260 mm, owing to the limitation of memories. In summary, su-
perposing the two patterns enables us to efficiently calculate the
directivity of a long rod antenna.
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(a)

(b)

Fig. 9. Radiation pattern of a dielectric rod antenna (L = 260 mm);
theoretical—, experimental�.

For confirming the theoretical results, we performed experi-
ments. Recall that the free end is terminated with air in practice.
The reflected wave is generated at the free end, owing to the
impedance mismatch between the rod and the air region. The
reflected wave causes a slight periodic variation in the gain as
a function of rod length [23]. In the model of 2.1, the
reflected power is calculated to be 0.9%. To reduce the reflected
power, we introduce an antireflective (AR) layer by analogy
with photonics applications [24].

The configuration parameters of the AR layer for
2.1 are determined as follows [23]: The dimensions of the cross
section are chosen to be the same as those of the rod so
that the layer may not shield the unguided wave. The relative
permittivity, , where is the relative
permittivity of air), is taken to be 1.45. To obtain an optimum
length , we performed preliminary calculations using the
FDTD method. When is chosen to be 11 mm, the reflected
power is reduced to 0.07%.

The measured gain is also plotted in Fig. 8. The average
error of the measured gain was within 0.2 dB. Good agreement
is found between the theoretical and experimental results.

Although not illustrated, we numerically and experimentally
confirmed that the slight periodic variation in the gain against

was successfully suppressed by the use of the AR layer.
Fig. 9 presents the typical radiation pattern for 2.1

at 260 mm. Experimental data (open circles) show a
good correlation with the theoretical data (solid lines) that are
obtained by superposing the feed and terminal patterns in Fig. 6.
The radiation pattern was measured in an anechoic chamber.
Slight discrepancies between the experimental and calculated
data toward the direction are due to the existence of the
feeding circuit placed behind the ground plane.

We finally make a brief comment on the total antenna effi-
ciency defined as , where is the reflection efficiency
deteriorated by the mismatch between the rod and the metallic
waveguide, and is the dielectric efficiency deteriorated by the
electric loss tangent (the dielectric rod has so far been assumed
to be lossless). Taking into account the electric loss tangent of
Teflon ( [25]), we evaluate the dielectric ef-
ficiency. As a result, is calculated to be 0.995 for
260 mm, which means a negligible loss in practice. Hence, the
antenna efficiency is mainly determined by. Note, that we
did not employ any impedance matching technique at the feed
end (see Fig. 1). Therefore, the total antenna efficiency of the
present antenna is calculated to be 0.82 for 260 mm. It
should be noted that the impedance matching can be realized,
for example, by a technique in which a portion of the rod is in-
serted into the waveguide (a return loss of greater than 25 dB,
corresponding to , is obtained) [26]. Consequently,
a total antenna efficiency of greater than 0.99 is achieved by in-
troducing the impedance matching technique.

IV. CONCLUSION

We have demonstrated the discontinuity-radiation concept for
an antenna system in which a dielectric rod is fed by a rectan-
gular waveguide with a planar ground plane. The FDTD method
is applied to the analysis of the total field near the rod. The imag-
inary-distance beam propagation method is utilized for evalu-
ating the eigenmode in the rod.

The field near the rod is decomposed into the guided and un-
guided waves. Using the two waves, the feed and terminal pat-
terns are evaluated. It is numerically demonstrated that super-
posing the feed and terminal patterns forms the radiation pattern
of the dielectric rod antenna. The technique of superposing the
two patterns has the advantage that the gain of a long rod antenna
can efficiently be evaluated. The radiation characteristics calcu-
lated on the basis of the discontinuity-radiation concept agree
well with the experimental results.
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