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FDTD Analysis of Probe-Fed Cylindrical
Dielectric Resonator Antenna

Shiu-Ming Shum and Kwai-Man LukSenior Member, IEEE

Abstract—In this paper, the finite-difference time-domain
(FDTD) method is employed to analyze a probe-fed cylindrical
dielectric resonator antenna. Numerical results for the input
impedance and radiation patterns of the dielectric resonator
(DR) antenna operating in HEM:1s mode are presented and
compare favorably with measurements. The effects of various
parameters on the characteristics of the DR antenna are studied.
Fabrication imperfection effects and the cross-polarization
characteristics of this type of DR antenna are also investigated
for the first time.
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|. INTRODUCTION
CYLINDRICAL dielectric resonator (DR) excited by b4
penetrating a coaxial probe inside its body is an antenna +
structure proposed by Long [1]. The geometry of the DR Dielectric
antenna is shown in Fig. 1. Only recently, this type of antenna resonator  H——2——]
has been analyzed rigorously by a method of moment (MoM)
procedure based on the surface integral equation formulation & - 7
for the bodies of revolution coupled to arbitrary objects [2]. Do -
However, when this method is applied to more complex Coaxial : 7 d
configurations, e.g., stacked cylindrical DR antennas or rectan- ~ probe ol |
gular DR antennas, the process may become very complicated P T .~ x
and time consuming. In addition, the analysis presented in [2] 4 :
cannot be used to evaluate the fabrication imperfections. Ground plane o

Here, the three-dimensional (3-D) finite-difference time- 2r,
domain (FDTD) method in rectangular coordinates (Yee c@ll o
[3]) is applied to study a probe-fed DR antenna operating
at the HEM,,5s mode, which is a broadside mode [1]. The ) o
FDTD method in cylindrical coordinates [4] is not suitable foRNtenna. Thereafter, the method used to obtain the radiation
this case with an offset feed (Fig. 1). Compared to the MoR@tterns of the DR antenna are described. _
used in [2], the FDTD method is capable of modeling more Repre_sen_tatlve numerical resultg of the input impedance
complicated structures with a relatively simple procedure. TIg @ cylindrical DR antenna operating at theM, s mode
major drawbacks of the FDTD method are the relatively hig® presented. T_he effects of various parameters on the input
requirements of both computational and storage resourcipedance are illustrated. The effect of imperfect antenna
However, as the processing power of both PC's and wort@br'c‘_'ﬂ'on on the input impedance is also discussed. Some
stations is increasing at such a tremendous rate, this limitat@¥Perimental results are presented to support the numerical
is becoming insignificant. computation. Then, the results for the far-fields of the DR

Efficient theoretical models for the coaxial feed are pr@_ntenna are illustrated and verified by measurements taken

sented and are used to calculate the input impedance of #hét compact antenna test range. The effects of various pa-
rameters on the radiation patterns are investigated. Conditions
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second-order Liao absorbing boundary condition (ABC) [7] z
is easily stabilized, it is used in the present study. T

A. Antenna Feed Modeling

Detailed modeling of the coaxial probe is straight forward
in the FDTD method. However, as the radius of the coaxial ¢ *
probe feeding the DR antenna is usually much smaller than
the radius of the DR, the space steps become very small. The ¢
time step will be also very small due to the stability condition. &I N 5
As a result, a large amount of computer memory is required \\\\\\E\l\\\\\\\\si | ¢
and the computational time is lengthened dramatically. STOHREPIENE N\

Alternatively, simplified feed models using thin-wire ap- N
proximation techniques can be used [8]-[10]. Two simple gap voltage X _‘,f ¢
models include the gap-voltage model and the magnetic-  source
frill model [8]. The excitation schemes of both models are
considered as “hard” in the sense of enforcing the fields 2r,
at some locations to be certain values and neglecting the
presence of any reflected waves. Since the reflected walls
cannot be absorbed by the source, they are reflected back
|r:ctohthe structurebunder anally5|s. Asda Lesult, the dymg (.jovflr% edances obtained by using these antenna feed models are
Ioentgtierﬁzgonse ecomes slower and the computation t'mepr‘éJsented and compared in a later section.

Amount the “soft” sources available in the literature, the
feed model proposed by Jensen [11], is used in this pap@r.
In this model, the coaxial line connecting the feeding probe is The excitation to the antenna is in the form of a Gaussian
also simulated as shown in Fig. 2. A gap voltage is introducgxilse
inside the coaxial cable and the usual FDTD equations are used I
to propagate the fields toward the antenna. The other end of the Vi(nAt) = em(nat=te) /T 2)
coaxial line is terminated by applying an ABC. Any reflected . .
wave from the antenna can now go through the coaxial lif§ere" denotes the pulse width and is chosen to cover the
and be absorbed. This model has an advantage of determir{i§§ueéncy range of interest arid is the time delay which
the input impedance at any point within the coaxial line. Frof"@Ples a smooth “turn on” of the pulse. If the voltage-gap
the authors’ experience, the required computation time can #d€nna-feed model is used, the voltage in (2) is the final
as little as 50% of that of the models using “hard” sourceSN€ Which enters into the input-impedance calculation. If the
Similar thin wire approximations are also used to calculate tfEnulation of the coaxial line is also included, the feed-point
magnetic fields around the coaxial probe. Ffr next to the voltage can be calculated using the following equation [11]:

probe, we have

\ < — H(iY
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2. The Jensen antenna feed model.

Input Impedance Calculation

Vi(nAt) = 22 In (’l> E (i) j k—1) 3)
HIFO (i k) = O, k) 2o
+ ﬂ[En(l k) — BN, jk—1) where r, and r, are the radii of the coax inner and outer
pAz |V v conductors, respectively.
e In(ry/r,) The current flowing into the antenna is obtained by perform-
’ Ay m] ing the line integral of the magnetic fields around the base of
IAL the probe at each time step according to Ampere’s Law

(BTG, k)= ET (i, — 1k)] L[(n 4 0.5)At] = [HMO5(i, j — 1,k)
Z N = M k) A
+ [Hy 0, 5, k)

wherer, andr, are the radii of the inner and outer conductors — H}7"5(i =1, 4, k)] Ay. (4)
of the coax, respectively.

It should be noted that Jensen’s model can only be appliedThe input impedance of the antenna is determined from the
when the radius of the outer conductor of the coax is le&tio of the Fourier transform of the voltage wave and the
than the size of one cell in the antenna region. In fadtourier transform of the input current wave, i.e.,
all models described here assume the coaxial probe is thin.

To model thick probes relative to the size of the space Z(kQ) = DET[V (n)]
step, conventional FDTD can be used. The computed input DFT(L (n)]

1)

()
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wherekQ) = f; -2r = 2kw/N At and N is the total number of 120 [
time steps. Either the direct discrete Fourier transform (DFT) 4, &

. — voltage gap
or fast Fourier transform (FFT) can be used for the transfornl w0 | - magnetic fill
process. FFT is generally more time-efficient than DFT. Howg& ---- Jensen
ever, even when the simple DFT is used, the computation timg * | + measured

for the transform process is negligible compared to the timé 40 ¢

spent in the FDTD simulation. 20 g BRSO

Input r

o b =

C. Far-Field Calculations ol
To calculate the far-fields of the DR antenna, the equivalent , [ _ ‘ ) ‘

sources on the virtual surface that encloses the antenna are ;s 125 1.35 145 155

calculated concurrently with the FDTD simulation using the Frequency (GHz)

Goertzel algorithm [12]. This is more efficient then the con- @

ventional frequency-domain near-to-far field transformation

from the FDTD results. After the frequency-domain equivalent 100

sources are known, the far-fields originated by _these equiva- o | — voltage gap
lent sources/s and Mg in an unbounded medium can be’_ ' 0 magnetic frill
computed using the equations of integrals shown in Balani€ ¢ # ‘ -~ Jensen
book [13, egs. (12-10)—(12-12)]. These integrals are computed 4 [ + measured
numerically according to the positions and orientations of th§ : -
faces of the virtual surface. = al: e
E- 0 0\\_)/)4" s
[ll. RESULTS AND DISCUSSION 20 | e
-40 . L .
A. Input Impedance 115 125 135 145 1.55
The first DR antenna considered has the parameters12, Frequency (GHz)
a=275¢cm,b =14 cm,d =26 cm, [ = 2 cm, and ()

r, = 0.381 mm. This is the same DR antenna that has been 3 inout imped t the DR ant st . )

. . . . .o nput Impeaance o e antenna against frequency for using
studied in [2] Theref_o_re, the numencfal results US!ng the I_:DTF(E#?erent types of antenna feed models. (a) Input resistance. (b) Input reactance.
method can be verified by comparing them with published = 12,4 = 2.75 cm,b = 1.4 cm,d = 2.6 cm,! = 2 cm, andr, = 0.381
results in [2]. mm.

The space steps used in FDTD simulation are = 1.72

mm, Ay = 1.72 mm, andAz = 1.63 mm. The time step used i _
is At = 3.13 ps, such that the Courant stability conditioffomputation. The reason for such an experimental arrangement

is satisfied. The pulse parameters &fe= 0.1371 ns and 'S to ensure that there are no air gaps between the dielectric
t, = 5T, so the 3-dB bandwidth of the pulse is about 1 Jpaterial and the conducting surfaces. The presence of air gaps
GHz. The size of the computational domain is @ x 70 Ccan cause the resonant frequency and the input impedance to
Ay x 35 Az, The probe feeding configuration are modelegnange dramatically. Theoretical models that do not account
using the simple voltage-gap approximation. The Liao ABC f8F these fabrication imperfections can hardly produce results
used to terminate the computation domain. The distance fréf@t compare favorably with measurements. The technique for
the object to the absorbing boundary is about 15 space st8pdeling these fabrication imperfections will be described
in each direction. The simulation is performed for 20 000 timi@ter-
steps to allow the input response to become approximatelylhe effect of using different feeding models is now in-
zero. vestigated. The calculated input impedance results of using
The computed results with the use of the voltage-gébe magnetic frill-like model and Jensen’s model are also
model and the measured results obtained from [2] of th#strated in Fig. 3. It can be seen from the figure that the
input impedance of the DR antenna are plotted against ffeéed models produce only slightly different results in terms of
quency in Fig. 3. The dominaffEM;,s mode of the DR input impedance. The Jensen’s feed model gives the largest
antenna is considered. It can be seen from the figure tiaiue of inputimpedance. However, the computation time can
the agreement between calculated and measured resultdeisshortened when using the Jensen’s feed model. Fig. 4(a)
good. The computed resonant frequency is 1.346 GHz whereasl (b) shows the computed time-domain current flowing into
the measured resonant frequency from [2] is 1.33 GHz. Thlee DR antenna using the voltage-gap model and Jensen’s
gives a percentage error of 1.2%. It should be noted thafeed model, respectively. The transient current in the first case
conventional DR has not been used in the fabricated antertleays slowly toward zero and shows apparent oscillations
used in [2]. The DR antenna was constructed out of a sectiafter 20000 time steps. In the Jensen’s feed model case,
of PVC tube packed with “Hi K Power.” The permittivity the input transient current drops quickly and only requires
of the PVC container is low so that it can be neglected in tldout 10000 time steps for the time response to die down, so
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Fig. 4. Time-domain waveform of input current of the DR antenna agair;é}:' 5. Input impedance of the DR antenna against frequency for different

] . . i . =12,a = 2.75
frequency for using different types of antenna feed models. (a) Voltage- Ob; fqg;ﬁcrr(]a)dlrlzp%t ée;lrslta;ﬁ; (bi IgpSLétlr(re:r(T:]taneg e
model. (b) Jensen model, = 12, a = 2.75 cm,b = 1.4 cm,d = 2.6 cm, ' e ’ ’ cT ’
[ = 2 cm, andr, — 0.381 mm.

if the probe is placed outside the DR (the curves corresponding

computation time is greatly saved. Therefore, it is preferabie® = 3 cm), the impedance becomes highly capacitive, which
if computing resources are limited. On the other hand, tis&ould normally be avoided.
simple gap-voltage model is the simplest and produces resultghe effect of the dielectric constart, on the input
showing better agreement with measurement. It is used feipedance and the resonant frequency of the DR antenna
subsequent calculations. is studied. The computed input impedance of the DR antenna
The effect of varying the probe length is illustrated in Fig. or different e, is shown in Fig. 7. As shown in the figure,
We can see that both the input resistance and impeda@ée, is increased, the resonant frequency decreases and the
increase with the probe length This property can be usedvalue of the input impedance increases. The input impedance
for impedance matching. On the other hand, the resona@igo becomes more inductivedf is decreased.
frequency decreases with the probe length. The height of thd=or studying the effect of, on the impedance bandwidth
DR under consideration is 2.6 cm, so the two curves showinf the antenna, the feed positidnand the length of the
the input impedance fdr= 3.03 cm indicate that the probe isprobe are initially adjusted to match the input impedance of
passing through the DR. However, since the input impedarite antenna to 5@). The computed results on the return
does not change drastically, this is feasible during impedarioss of the antenna for different. are shown in Fig. 8. It
matching, especially for large ratio efandd. is observed that the impedance bandwidth (return tesk0
Next, the effect of changing probe displacement from thdB) increases whes,. is decreased. The computed impedance
axis of the DR on the input impedance of the antenna ligndwidths fors, = 9.8, 12, and 16 are 9.3, 8.8, and 7.6%,
studied. The computed input impedance for different prolsespectively.
displacement is plotted against frequency in Fig. 6. From The general procedure for matching a probe-fed cylindrical
this figure, we can see that asincreases, input resistanceDR antenna can be inferred from the examination of Figs. 5-8.
decreases and the input reactance becomes more capacikirst, the position of probé should be adjusted to tune the
This parameter can also be used to tune the input impedaimgaut reactance of the DR antenna to zero, at the resonant
of the antenna. For strong coupling of tH&M,s mode, the frequency. After this is accomplished, the probe lengtis
probe should be located near the edge of the DR. Furthermadjusted to tune the input resistance to{®0For a DR with
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Fig. 9. Computed and measured input impedance for the DR antenna against
200 frequency.e, = 9.8, ¢ = 6.1 mm,b = 4.15 cm,d = 12.2 mm,! = 5.1
[ mm, ro, = 0.51 mm.

100 formed. The DR used for the experiment has the parameters
& = 92, a = 6.1 mm,b = 4.15 mm, d = 12.2 cm,
and! = 5.1 mm. The radius of the probe, is 0.51 mm.
The voltage-gap antenna model is used initially in the FDTD
simulation to calculate the input impedance of the antenna. The

space steps used in the FDTD computation Are= 0.488

50

Input impedance ()

100 i LT . ‘ , mm, Ay = 0.488 mm, andAz = 0.470 mm, and the time
1 11 12 13 14 15 16 sStep used isAt = 0.9 ps. The size of the computational
Frequency (GHz) domain is 40Az x 40 Ay x 30 Az. The input impedance of

%re fabricated antenna is measured using a HP8510C Network
nalyzer. The calculated results and the measured results of
the input impedance of the DR antenna are plotted against
) ) - ) frequency in Fig. 9. It can be seen from the figure that

high e, , the desirable probe position will be closer to the axigge discrepancies are observed between the calculated and

of the DR and the impedance bandwidth is relatively narmow,easyred results on the resonant frequency and the value of
Later, we will see that it is preferred to have the position of thge input impedance.

probe closer to the edge of the DR for lower cross-polarization.gjnce a conventional DR is used in the experiment, a hole
Hence, for better performance of the antenna, DR with smallgryiied into the DR for probe accommodation. This creates
¢ should be used in constructing the antenna. a small air gag, between the probe and the body of the DR.
o i Furthermore, an air gap also exists between the ground plane

B. Effect of Fabrication Imperfections on the Input Impedancg,y the DR due to imperfect physical contact. The revised

Besides comparing the computed results to published mestenna geometry showing these fabrication imperfections is
sured results, independent experiments have also been phown in Fig. 10. The air gaps introduce discontinuities in

Fig. 7. Computed input impedance of the DR antenna against frequency
differente,. a = 2.75 cm,b = 1.4 cm,d = 2.6 cm, and! = 2 cm.
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figure that the resonant frequency increases wjthbut the
value of the input impedance decreases wjthThe resonant
frequency in case of, = 0.24 mm shifts by 5% from the
ideal case of no air gap. Doubling the air-gap thickngss
from 0.48 to 0.96 mm causes a similar percentage shift in the
resonant frequency.

The effects of the air-gap thickness on the input
impedance are also studied and the numerical results for
three differentt, (with t; = 0) are also shown in Fig. 11. It
is observed that increasing causes the resonant frequency
to increase, but the change is not as large as in the case of
increasingt,. The case of, = 0.24 mm causes only a small
change in the resonant frequency whereas doullinffom
Fig. 10. Geometry of the probe fed cylindrical DR antenna including th®.48 to 0.96 mm causes a 2% shift in the resonant frequency.
fabrication imperfections. The value of the input impedance increases slightly wjth

the air gap around the coaxial probe.
the normal component of the electric fields at the dielectric- It can be concluded that the incorporation of fabrication
air interfaces. As a resu|t, the measured resonant frequeﬁwerfections in the theoretical model is essential for accurate
and the value of the input impedance may shift significantgalculation of the resonant frequency and the value of the input
from the ideal case because the associated near fields igyeedance of the probe-fed DR antenna.
changed. This is the reason why the computed results using
the simple antenna feed model cannot predict accurately the _
resonant frequency and the value of the input impedance %f Far-Fields
the fabricated DR antenna. Special arrangements have beefihe DR antenna considered has parameters= 9.2,
made for the experiments performed in [2] to enable favorable= 6.1 mm,b = 4.15cm,d = 12.2 mm, and = 5.1 mm. The
comparison against theory. However, conventional DR’s wiladiation patterns of the fabricated antenna are measured in an
still be used for constructing most of the DR antennas fanechoic chamber using a HP85310C Antenna Measurement
convenience. Hence, theoretical models, which are capableSystem. The size of the ground plane of the fabricated antenna
including these fabrication imperfections, are useful. No suéh 6 A\, x 6 A,, where ), is the free-space wavelength at
theoretical model is available thus far to the knowledge of thike resonant frequency. Both the calculated and measured
author. The study of the effect of fabrication imperfectionsadiation patterns of the antenna are shown in Fig. 12. It can
on the antenna characteristics in [14] is mainly experimentale seen from the figure that the agreement between the results
Here, a first attempt is made to simulate a “realistic” Dis quite good. The discrepancies are mainly due to the infinite
antenna with fabrication imperfections numerically using thground plane assumption used in the calculation. The radiation
FDTD method. pattern of the DR antenna is similar to that of a magnetic

Incorporating the air gaps into the formulation of the MoMlipole. The asymmetry of the-plane radiation pattern is due
is difficult because of the additional material boundaries. Qa presence of higher order modes. Furthermore, Fig. 12 shows
the other hand, due to the high flexibility of the FDTDthat theH -plane cross polarization of the antenna is less than
method, only redefinition of the locations of the media iA0 dB, which may be unsatisfactory.
the computational space is required. Here, the fabricationNext, the effect of changing the probe position on the radi-
imperfections are modeled by adding air layers between thton patterns of the antenna is investigated. The dimensions
probe and the DR and also between the ground plane and dighe antenna are unchanged and the distance of the probe
DR. The thickness of each air layer is set to the size of offem the center of the DR, is varied betweefi.2a and0.9a.
space step. The space steps used in the FDTD computati@n each value ob, the probe length is adjusted to maintain
are Az = 0.244 mm, Ay = 0.244 mm, andAz = 0.235 impedance matching. The results on the radiation patterns for
mm and the time step used ist = 0.45 ps. The size of three different values df/« are plotted in Fig. 13(a)—(c). From
the new computational domain is 89x x 80 Ay x 65 Az. these figures, it can be seen thatbas increased, both the
The calculated results using the new model and the measuceass polarization and the asymmetry of theplane pattern
results of the input impedance of the DR antenna are alsaeduced. Hence, the feeding probe should be located as close
plotted in Fig. 9. It can be seen from the figure that the the edge of the DR as possible. It is worth noting that the
agreement between the calculated and measured resultses®nant frequency of the antenna only changes slightly when
reasonable. The discrepancy between the two results is causedprobe position is changed.
by the staircase approximations of the air gap in the numericalThe effect of changing the ratio of the radius and the
model. height of the DR is also studied. The radiation patterns for

The effect of the air-gap thicknesson the input impedance three different values of/d are plotted in Fig. 14(a) and (b).
is studied by adjusting the thickness of the air gap in th&gain, Fig. 14(c) for each value af/d, the probe length is
FDTD program. The numerical results for three differént adjusted to maintain impedance matching. From these figures,
(with ¢, = 0) are illustrated in Fig. 11. We can see from thé is observed that small values of d produce smaller cross-
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resonator
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Fig. 11. Computed input impedance versus frequency for different air-gap thickpeasd ty. e = 9.8,a = 6.1 mm, b = 4.15 cm,d = 12.2
mm, ! = 51 mm, andr, = 0.51 mm.

@) (b)

Fig. 12. Calculated and measured radiation patterns for the DR antenn&-gi@ne. (b)H -plane. copol (computed); - - - copol (measured);

------- Xpol (computed);- ----- Xpol (measured).

polarized fields. However, ifi/d is smaller than 0.2, it may parameters on the input impedance of the DR antenna were
be difficult to match the input impedance of the antenna to Sfudied. The impedance matching of the antenna can be
2. Sincea is fixed in the calculations, the resonant frequencgccomplished by adjusting the positibrand the length of
increases whem/d is increased. the coaxial probe. For DR’s with low,, & should be slightly
smaller than the radius of the DR. It is concluded that a DR
with low ¢, (e.g.,e, = 9.8) is preferred for constructing the
IV. CONCLUSIONS antenna due to the wider impedance bandwidth.

This paper has presented a numerical method for modelingThe presence of fabrication imperfections in the antenna
probe-fed cylindrical DR antennas. The approach is based used in experiments causes the resonant frequency and the
the well-known FDTD method: a 3-D algorithm for directlyvalue of the input impedance of the antenna to change signif-
solving Maxwell's equation in the time domain. Numericaicantly from the ideal case. In this case, the air gaps between
results for the input impedance of the DR antenna operatitige bottom of the DR and the ground plane and around the
in HEM,,; mode were presented. The effects of variousoaxial probe are handled using the standard FDTD method.
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Fig. 14. Far-field patterns for different/d. e, = 9.2, a 6.1 mm,

Fig. 13. Far-field patterns for differerit/a. ¢, = 9.2, a = 6.1 mm, b= 415 cm d = 122 mm, andl = 51 mm. (a)a/d = 0.4. (b)

b=41.15cm,d =12.2mm, and = 5.1 mm. (a)b/a = 0.3. (b)b/a = 0.6.

(©) bja = 0.9. E-plane copol. - - - -E-plane Xpol. -- - - - - - a/d = 1.0. (C) a/d = 1.6, E-plane copol. - - - -E-plane Xpol.
H-plane copol. - - - H-plane Xpol. Tt H -plane copol.- - -- - - H -plane Xpol.
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