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Abstract—A technique combining the finite-difference time-do- obtained eigenmode fields can directly be utilized for the fi-
main method and the imaginary-distance beam-propagation nijte-difference time-domain (FDTD) method.
method is used to demonstrate the discontinuity-radiation concept Recently, a technique combining the FDTD method and the
for a dielectric rod antenna. The field near the rod is decomposed . d ' | b d Yee' h 1161 1171 has b
into a guided and an unguided wave. Using the two waves, the feed €'9€NMOAE SOlver based on ,ee S me.s [16], [17] has been pro-
and terminal patterns are evaluated. It is numerically revealed POSed by the authors [18]. This technique enables us to decom-
that superposing the two patterns forms the radiation field of the pose the total field near the rod into the guided and unguided
antenna. The decomposition technique enables us to efficiently waves. The technique can lead to deeper insight into the radia-
evaluate the directivity of a long rod antenna. tion mechanism of the dielectric rod antenna.
~ Index Terms—Dbielectric antennas, dielectric waveguides, end-  The purpose of this paper is to demonstrate the discontinuity-
fire antennas, finite-difference time-domain (FDTD) methods, fi- yaqjation concept for a dielectric rod antenna fed by a metallic
nite difference methods. . )
waveguide with a planar ground plane, and to show how the
use of the discontinuity-radiation concept enhances the compu-
I. INTRODUCTION tational efficiency for the design of along dielectric rod antenna.
DIELECTRIC rod antenna has been used as an endfire ra-The field near the rod is decomposed into the guided and un-

diator for many years [1]-[10]. Experimental studies hayduided waves. Using the obtained waves, we can evaluate a feed
| ttern corresponding to the directivity generated by the effec-

been conducted at microwave and millimeter-wave frequenc%% ; .
[5]-[10]. Despite the extensive use of the antenna, no exact Hye source at the feed end and a terminal pattern corresponding

sign procedure exists for them [10]. Theoretical methods usueﬁﬁ/tr}at ::;t thedf:ee e_ndi It |sttnumefr|callyt[]evea(;_edt_t hat Sl,:tp erpofs tlﬁg
involve simplifications and only provide general design guidé-,e eed and terminal patterns forms the radiation pattem of the
lines [1]-[4]. dielectric rod antenna. The gain of a long rod antenna is effi-

The radiation mechanism of the dielectric rod antenna can jgntly calculated by superposing the feed and terminal patterns.

explained by the so-called discontinuity-radiation concept [1], et'rad.Latlog.cf:.aracterlstlcts calculateﬂ ontr'[]he bas!s of f[hle dis-
in which the antenna is regarded as an array composed of {' inuity-radiation concept agree well with experimental re-

effective sources at the feed and free ends of the rod. Part8its:

the power excited at the feed end is converted into guided-wave

power and is transformed into radiation power at the free end. II. NUMERICAL METHODS
The remaining power is converted into unguided-wave pOWA!r FDTD Analysis

radiating near the feed end. Therefore, the directivity of the di- Fig. 1 shows the configuration of a dielectric rod antenna fed

electric rod antenna is characterized by the directivities gen%r'arectan ular wavequide with a planar around plane. The rel-
ated by the two effective sources. However, no exact calculatiofl g g P g b '

based on the discontinuity-radiation concept has been madedot- permittivity of the rod is Chosen to bgvoq = 2.1 (Teflon)
X L o . . [note, that some data farf. ..qa = 2.8 (polycarbonate) will also

a practical rod antenna. This is due to the difficulty in quantitg- i’ : .
e presented for comparison]. It is assumed that the metallic

tively evaluating the radiation fields generated from the disco\rllv-ave uide and the around plane are perfectly conducting. and
tinuities at the feed and free ends. 9 9 n P y 9

On the other hand, a dielectric rod has received much attgr]f’flt the dlelt_actrlp rod is IOSSIGS.S med'“"‘.‘- . .
The total field in the computational region (see Fig. 2) is eval-

tion in the waveguide analysis as well as the antenna analyﬂgted by the use of the FDTD method. The grid widths are taken

since the knowledge of the eigenmode is of fundamental irp'beAx = 0/22 (~ 1.04mm), Ay = b/10 (= 1.02 mm), and
portance in the design of a dielectric waveguide circuit. Man =1 m_m Owir;:; tb the syr’nrﬁ/et_ry of the_co.nfigurati’on with
methods have been proposed for this important issue mlHléépect o tﬁe: _ 2 andy — z planes, the antenna system is

Note, that the methods developed in [14]-[16] are based on . . : .
alyzed using a quarter region of a full computational region:

Yee's mesh. The use of Yee's mesh has the advantage that?ﬁs/z L,/2, L.) = (90 A, 90 Ay, 300 Az).

The metallic waveguide is excited with tA&%,, mode. For
Manuscript received January 11, 2001; revised August 20, 2002. a continuous wave simulation of tHEE,, mode, we use an
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Fig. 1. Configuration of a dielectric rod antenga[,q = 2.1,a = 22.9 mm,
b = 10.2mm,Lg = Ao, f = 9 GHz (A = 33.3 mm)]. (a) Overall
geometry. (b) Top view. (c) Side view.
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Fig. 2. Computational region.
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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 constafi§ 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 E(z,y,2,t) = E(z,y,2)exp[j(wt — Prerz)] and
H(IIJ, Y, z, t) = H(l/ Y, Z)exp[j(Wt - ﬂrofz)]! Whereg(xv Y, Z)
and H(z,y,z) are the slow-varying envelope functions of
z, and B¢ 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 th&at andH, components
are determined using the relations\ofeE = 0 andV-H = 0.

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

G,y,2) = Y ame P (2,y) 1)
m=0

whereg is any field component,, is the eigenvectou,, is the
amplitude for the forward-traveling mode, afg is the propa-
gation constant of the eigenmode. The subserifridicates the
mode order.

¢ is also written as

P(z,y,2) = p(z,y,z)e 0 )

whereyp is the slow-varying envelope function efSubstituting
(2) into (1), we obtain

o0
o1, y,2) = Y ame IOm Iz (1),

m=0

®3)

We now change the coordinatén the propagation direction
to j7, replacing the sinusoidal phase variation in the real axis
z propagation with the exponential amplitude variation in the
imaginary axisr propagation. Therefore, as an arbitrary input

The concurrent complementary operators method (C-CONBId propagates in the direction, the fundamental mode with
employing a second-order Higdon operator [21] is applied to thiee largesti, grows faster (decays slower) than the higher order
outer boundary of the computational region, as shown in Fig.rdodes forBy > Sier (8o < Bre). In Other words, an arbitrary
The C-COM can achieve a wide dynamic range in spite of theput field that contains the lowest mode field converts into the
fact that only a few cells are required in the absorbing bounddowest eigenmode field, as the input field propagates inthe
region. In this analysis, four cells are allocated for the absorbidgection. The field distributions of all components are calcu-

region.

lated stepwise in the-r direction.
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Separating the guided wave into an amplitude term and a

After the convergence to the eigenmode figlgljs evaluated phase term, we writg, as

by the growth or decay in the propagating field amplitude of any bg(2,y, 2) = Acteig(w,y)exp [—5(Boz — o)) (6)
component at andr + At . . . ]

where ¢.i,(, y) is the field profile of the eigenmode propa-
gating along the rod4. is a coefficient of the amplitude, ang

Alr)= [3r6f+fli_>nc}o is an initial phase of the surface wave at the feed ¢nd(z, v)

2
I brmvrinmt—In{des. - v m |’ dzd andg, are calculated by the YM-BPM. To decompose the total
Xffl: {(z)( Y, THA )} {¢( é )}] |¢( 5Y, )| Y = ﬂo f|e|d, we ha.Ve to knOV\Ae and'l/}(]
ATff|¢(as,y;r)| dxdy At sufficiently long distancez = L, where the un-

(4)  guided-wave power is nearly eliminateboiai(z,y, 2 = L)
can be regarded &s,(z,y,z = L,). In other words, the phase
In this paperf, is obtained at a propagation distance-ct of brotal(z,y,2 = L) almost becomes a reference phase
350 mm (= 500 A7), where the convergence gf in six dec- (= BoL: — o) of the guided waveb, (z,y,z = L,). To
imal places is obtained. Preliminary calculation shows that ti@monstrate this fact, the variation of the propagation constant
dielectric rod treated in this paper operates as a single magea function of is shown in Fig. 4. The propagation constant
waveguide at testing frequencies. The cutoff frequency of the calculated by evaluating the difference in the phase of the
13, mode for arod o, ..a = 2.1is 12.2 GHz, and that for total field of E, on the axis between two adjacent axial steps.
€rrod = 2.8 is 9.9 GHz. We can find some fluctuation near the feed end, owing to the
effects of the evanescent field, but the propagation constant
lIl. D EMONSTRATION OF THEDISCONTINUITY-RADIATION rapidly converges to the eigenvalue as the field propagates.
CONCEPT Note thatA. may also be determined from the amplitude of
drotal(,y,2z = L,). To increase the accuracy, however, we
employ the least-squares technique described in [19], in which
Consideration is first given to the behavior of the guided arttle orthogonality relation between the guided and unguided
unguided waves generated from the discontinuity at the feedves is utilized.
end. To investigate the essential properties of the two waves, wé&ncer), is determinedy) is evaluated by)y = Fo L, — 9.
consider a case in which the reflected wave from the free enddsnsequentlyp.(z, y, z) in (6) is obtained from the determined
eliminated. For this purpose, the free end is directly terminated and . Finally, ¢..(z,y,2) is calculated by subtracting
with the condition based on the C-COM, as depicted in Fig. 2p,(z, y, z) from ¢iotai(z, v, 2).
Fig. 3 shows the typical intensity distribution &%, in the Fig. 5(a) and (b) illustrate the intensity distributions of the
y — z plane fore, ,oq = 2.1. Since the field profile of th&'E;, guided and unguided waves Bf, in they — z plane, respec-
mode is different from that of th&Y, mode in the dielectric tively. The ratio of the total radiation power to the guided-wave
rod [11], part of the power excited at the feed end is convertpdwer shows that the guided wave is excited with an efficiency
into the guided-wave power, and the remaining power is intd approximately 49% at the feed end. Since the decomposition
the unguided-wave power. To interpret the behavior of the tviechnique separates the total field into the guided and unguided

A. Decomposition of Field
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reference data using only the conventional FDTD analysis. For
(b) . T \
the calculation of the directivity as a function of rod lendith 4,
Fig. 5. Field distributions oF, (half region). (a) Guided wave. (b) Unguided 3 virtual closed surface [20] containing a planezat L,.q
wave. is placed in the computational region. The virtual closed sur-
face is plotted by broken lines in Fig. 2. The— z andy — 2
waves, we can separately evaluate the directivities generatedgnes of the virtual closed surface, which is regarded as Kirch-
the two waves as will be discussed in Section I11-B. It should Hwff-Huygens’ plane, are extended to the direction with an
noted that the unguided wave is characterized by a leaky waigrease inL..q. As mentioned in Section II-A, the dimension
which travels some distances along and close to the rod a@vard thez direction in the computational region is chosen
and a space wave, which rapidly propagates away from the itodbe 300 Az (L. = 300 mm) due to the limited computer
[22]. The existence of the leaky wave leads to the fact that, temory. This allows the analysis of the rod antenna with an
the discontinuity-radiation concept, the feed source cannot bga up to 260 mm. The directivity calculated from the total
localized in contrast to the terminal source. We will, thereforéield based on the Kirchhoff-Huygens’ plane corresponds to that
determine a sufficient length, to validate the present methodof an antenna with a rod length,.4, under the condition that
in Fig. 7. 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

Before the demonstration of the discontinuity-radiation coand unguided waves. Once the feed and terminal patterns are ob-
cept, the directivity of the rod antenna is evaluated as tained using the two waves, we do not need to repeatedly use the

B. Directivity
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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. Fig- 8. Gain as a function of rod length.

We should recall that the leaky wave travels along the rod
over an appreciable distance, as shown in Fig. 5(b). This mean§Ve now calculate the gain as a function/gf4. Fig. 8 shows
that the feed pattern generated by the unguided wave cannotteegain obtained by superposing the two patterns (solid circles),
evaluated at the feed plarie = 0), but should be evaluatedtogether with the data obtained from the total fields (solid line).
at a distance where the leaky wave along the rod is negligiblehere is essentially no difference between the results obtained
To show the effects of the leaky wave, we calculate the feéwm the superposition and the total fields over a rangé,of
patterns at various distancés's. Fig. 6 shows the variation of from 120 mm to 260 mm. The gain fer.,,.q« = 2.1 reaches a
the feed pattern foe, ,,.a = 2.1. The feed pattern is normal- maximum value of 14.7 dB at,,q4 = 260 mm. Note that the
ized to the maximum value of the terminal pattern illustratedformation needed for the superposition is calculatefl,at
for reference. It is found that the feed pattern almost convergEsO mm. Therefore, a&,.q is decreased from 150 mm, the
at L, = 150 mm. superposition data induce errors.

As a result, the shape of the feed pattern becomes almost infig. 8 also shows the gain fef oa = 2.8. It is well known
variable with an increase ifi;oq providedL..q is more than that the change in,. ,.q affects the gain characteristic and that
L,. The shape of the terminal pattern is also independent of i peak gain decreases with an increase jpq. The decrease
rod length. On the other hand, the phase relation between fhehe peak gain is attributed to the fact that the terminal pat-
feed and terminal patterns changes, since the phase of the effef becomes wider as ,.q is increased, reducing the effective
tive source at the free end delaydas, is increased. Therefore, source area at the free end.
the total radiation patterf;..;(#) of the dielectric rod antenna
with L,.q is obtained by superposing the feed pattBrn.q(0)
and the terminal patterB:.,mina1(#) With the phase difference
between the two effective sources, i.e.

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,4 is doubled, the required
memories and calculation steps are also doubled. Although an
Diota1(8) = Dteed (8)+Dterminal (0)exp[—j (8o —ko cos ) Lioa]  increase in the calculation steps results in an increase in the CPU

(7) time, the rate of the CPU time increase is not linear, since we
wherek is a wavenumber in free space. Although not illushave to choose a longer duration time with an increade.in
trated, good agreement is found to exist between the superpoggchumerical convergence. For example, we need 45 min and
pattern and the pattern calculated using the total fields. In ottE80 MB in the FDTD analysis fof...q = 150 mm on a Pen-
words, superposing the feed and terminal patterns forms thetiam 600-MHz PC. After this calculation, we can calculate any
diation pattern of the dielectric rod antenna. longer antenna with almost no additional CPU time using the

Superposing the two patterns allows us to calculate the gaumperposition technique. In contrast, if we directly analyze the
for an arbitrarily long rod antenna. Before calculating the gaiantenna with/.,,q4 = 260 mm, more than 100 min are needed.
we again check the sufficient lengkh. Fig. 7 shows the gain for Furthermore, we can not calculate a longer antennalygr=
L,.a = 260 mm as a function of.,. The results are presented?60 mm, owing to the limitation of memories. In summary, su-
for bothe,.ca = 2.1 and 2.8. It is found that the gain almosperposing the two patterns enables us to efficiently calculate the
converges, provided, is more than 150 mm. directivity of a long rod antenna.
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Although not illustrated, we numerically and experimentally
confirmed that the slight periodic variation in the gain against
L,.q Was successfully suppressed by the use of the AR layer.

Fig. 9 presents the typical radiation pattern épt,q = 2.1
at L,,q = 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-z 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 ag, = n.nq, Wheren, is the reflection efficiency
deteriorated by the mismatch between the rod and the metallic
waveguide, andq 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 (tan§ = 3 x 10~* [25]), we evaluate the dielectric ef-
ficiency. As a resulty, is calculated to be 0.995 fdt,,.q =
260 mm, which means a negligible loss in practice. Hence, the
antenna efficiency is mainly determined ky. 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 0.82Ifgf; = 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 te), = 0.997, is obtained) [26]. Consequently,

a total antenna efficiency of greater than 0.99 is achieved by in-
troducing the impedance matching technique.

IV. CONCLUSION

(b)
Fig. 9. Radiation pattern of a dielectric rod antendia,( = 260 mm);  an antenna system in which a dielectric rod is fed by a rectan-

We have demonstrated the discontinuity-radiation concept for
theoretical—, experimental gular waveguide with a planar ground plane. The FDTD method
is applied to the analysis of the total field near the rod. The imag-
For confirming the theoretical results, we performed experirary-distance beam propagation method is utilized for evalu-
ments. Recall that the free end is terminated with air in practicding the eigenmode in the rod.
The reflected wave is generated at the free end, owing to thelhe field near the rod is decomposed into the guided and un-
impedance mismatch between the rod and the air region. Thé#ded waves. Using the two waves, the feed and terminal pat-
reflected wave causes a slight periodic variation in the gain t&ns are evaluated. It is numerically demonstrated that super-
a function of rod length [23]. In the model ef ,.q = 2.1, the posing the feed and terminal patterns forms the radiation pattern
reflected power is calculated to be 0.9%. To reduce the reflecteidhe dielectric rod antenna. The technique of superposing the
power, we introduce an antireflective (AR) layer by analogiwo patterns has the advantage that the gain of along rod antenna
with photonics applications [24]. can efficiently be evaluated. The radiation characteristics calcu-
The configuration parameters of the AR layer foL.q = lated on the basis of the discontinuity-radiation concept agree
2.1 are determined as follows [23]: The dimensions of the cro&€!l with the experimental results.
section are chosen to be the same as those of the s0d so
that the layer may not shield the unguided wave. The relative ACKNOWLEDGMENT
ermittivity, €, AR(= /€ rod€rair,» Wheree,. .;; is the relative . )
Sermittivitz of/air)(, is taken to be 1.45. To obtain an optimum T neauthors would like to thank Prof. S. Kawakami of Tohoku
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FDTD method. Whetd. s is chosen to be 11 mm, the reflected©mposition.
power is reduced to 0.07%.
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