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Abstract—In this paper, the probe-fed dielectric resonator z
(DR) placed inside the parallel-plate waveguide is studied the- T
oretically and experimentally. Simple formulas for predicting .~ 2
the trapped- and leaky-mode resonant frequencies are presented. :
The cylindrical-harmonics expansion method is used to find the / 1y I 24 1 q
input impedance of the configuration. The effects of the probe ground plane 5 probe &l & DR
length, dielectric constant, and DR radius/height ratio on the \ T 1
input impedance are discussed. It is found that the probe can l di i }
substantially change the characteristics of a mode when it exceeds I b
a certain length. conxial Tine
Index Terms—Dielectric resonators, mode-matching methods,
parallel-plate waveguides. Fig. 1. The probe-fed DR placed inside a parallel-plate waveguide.
|. INTRODUCTION from knowledge of the magnetic field. The theory is verified

experiment.
n this paper, the DR is fed by an axial coaxial probe,
hich excites onlyI'Mg,,, modes (the first, second, and third

_— . b
PROBE located inside a waveguide has been stud|e}§1
extensively [1]-[5]. Recently, attention has been pai
to a more general case of using the dielectric-coated pro - .
. . Indexes refer to the-, p-, and z-variations, respectively). It
[6], [7] instead of the bare probe. However, the dlelectrllzé @ P c P y)

; . . ) . i well known [20] that the configuration has two possible
coating considered was so thin that little or no discussion WES snance states namely, the trapped and leaky states. In
given to the resonance behavior of the dielectric. Wang ' ' '

. . : the former, the energy is trapped inside and near the DR,
al. have investigated the complex resonance of a dielect 9y bp

. F%Csulting in an infinite unloade@-factor. On the other hand,
resonator (DR) placed between wo parallel conducting pla % latter has radiation loss in the radial direction and, thus
[8]. The DR in [8] has mounting holders and can be us ' '

e : .~ Has a finite unloaded)-factor. Both the trapped and leaky
as an omnidirectional antenna for wireless communlcatl%g.Ia

" Th fi hat similar to that of th tes are addressed in this paper. The effects of the probe
systems. 1he concept IS somewnhat simiiar to that of the gth, dielectric constant, and DR radius/height ratio on the
antenna [9]-[14]. In this paper, a probe-fed cylindrical DFE

laced insid llel-olat ide (Fig. 1) is st d.|Hput impedance are investigated. It is found that, although
placed Inside a paraflei-plale waveguide ( '9. ) is stu '%Re characteristic-equation approach is usually used to predict
theoretically and experimentally. The frequencies of conce,

th d the DR In thi th f eI resonant frequency of a mode, the result is valid only
alret 0se aroun det b re.s:c).nf';tlnc'e. nt If %Fher, he parl fien the probe length is below a certain value. As the probe
plates are assumed 1o be Infinite in extent. ough simi f"erngth increases, the loading of the probe also increases, and

configurations havg been found [15]-[17], the emp_ha3|s hﬁ% characteristics of the mode can be altered significantly.
been put on modeling a half-space for antenna designs rather

than on their actual configurations. In the present analysis, the
cylindrical-harmonics expansion method [18], [19] is used to
find the electric and magnetic fields inside and outside the o o
DR. The unknown expansion coefficients of the cylindrical Fi9- 1 shows the probe-fed cylindrical DR located inside a
harmonics are found by matching the appropriate boundd¥jrallel-plate waveguide. The DR has dielectric constant
conditions. Knowing the expansion coefficients, the vario@diust, and height, whereas the probe has radiusand
electric and magnetic fields are easily determined. The prd§89th{. The thicknessi is used in modeling the impressed

current and, hence, the input impedance, are then obtairfedi€ld with E* = Vo/d, whereVj is the excitation voltage
usually taken as one-tenth of the probe radius [18]. A time
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where B. Leaky-State Mod& < ¢, < 80)
\/ b 2 =
x = 4/ (kob)%e, — <—p7r> (1b) 48.066
/ (GHz) = 1% 4
L 1~(GHz) (V2 T 0.0921) 522 (error< 1%)  (4)

2
Y= \/(%W) — (kob)? (1c) and

0 = 0959495 = 0.5376) "
= U.J0

(\/2r + 0.0921)1:1342

0,
and ko is the wavenumber in vacuund,,(xz) and K,,(x) are (error<1%).  (5)

Bessel function of the first kind and modified Bessel function o o ]

of the second kind, respectively. Both of them are of ordép the above formulas) is given in millimeters. It is noted

n. In (1), the case op = 0 corresponds to th&My;o mode, that the trapped-state-mode result (3) udgsas an exponen_t,

which is always a leaky-state mode [20]. In this case, (1c) Y¢ereas the leaky-state-mode results (4), (5) use a simple

given byy = +jkob so thatk,,(y) = z(_j)n+1H(2)(k0b) is constant. This is because the fields of the trapped-state mode
$ . n\Y) — 39 . n . . .

a function that is associated with an outgoing traveling waviry along thez-direction and, thusf;. is strongly dependent

Whenp = 1, the TMo;; mode is obtained. There is a cutoffon theb/h ratio. However, for the leaky-state mode, the fields

frequency t;elow which the'Mo;; mode is of the trapped &€ constant in the-direction and, therefore, the exponents

state, and above which the mode is of the leaky state. THaVe @ much simpler form. _ _
cutoff frequency is found by setting = 0 in (1c), yielding For the analysis of the input impedance, the configuration

is first divided into three regions, namely, regions I-lll, as

_ ¢ 2y shown in Fig. 1. The electric and magnetic fields in the three
fe= 2 : : o .

2h regions are then expanded in terms of cylindrical harmonics

wherec is the velocity of light in vacuum. The solutidyb of [18].’ [19]'. FOIT example, the-directed magnetic fieldZ,, in
region Il is given by

the characteristic equation is complex for the leaky-state mo
due to radiation loss and real for the trapped-state mode. In t%(p’ 2)
paper, we will discuss the trapped-stdidly;; mode as well

N2
as the leaky-statd'My;o mode. To aid the design engineer _ 1 B2 b | T (k +C. Ny (k cos( ",
in predicting the resonant frequency easily, the least-square #o Z P2 [ () + OV (R 'p)} ( h )

method [24] is used to obtain simple curve-fitting formulas as " (6a)
follows:
where
A. Trapped-State Modé < &, < 80) VEE = (nw/h)2, k > (nm/h)
Foan = {—j G /i) =32, k<(nr/n) P
.(GHz) = 204, 3) a_nd Cn_and b, are unknown coef_ﬁcientsk = e-ko is th_e_
b(y/Er + Ag)ts dielectric wavenumber. By enforcing the boundary conditions

on the two ground planes and at the regional interfaces [15],
where for0.5 < b/h < 1.0 (error < 2.2%) [17], the modal coefficients”,, and b,, are obtained. The

5 ) former is given by (7), shown at the bottom of this page,
Ay = —267.8019(b/h)” + 708.5006(b/h)" — 626.8456(b/h)  and the latter is solved via the following matrix equation:

+200.0735 1B o
Ay = —18.1148(b/h)® + 50.6423(b/h)? — 48.6667(b/h) A ]1ba] = [B] ®
+ 16.5437 where
Az = —2.541 5 47.01 > —6.694
3 5417(b/h)* 4+ 7.0196(b/h)* — 6.6946(b/h) A = koo |:']l(kp2ka/) + CkNl(k,ana)}
+3.2738 N
« Z kaJO(kplna)Tnl,nTk,n i k_Q
- 0 2m
for 1.0 < b/h < 5.5 (error < 2.0%) — Jl(kplna)lr(LQ) p
A; = 0.3922(b/h)? + 3.9045(b /1) + 9.2185 : [Jo(kpgma) + C'mNo(kpgma)} I8, (9)
Ay = 0.0387(b/R)? — 0.3212(b/R) + 0.6298 Vi
? ( / ) ( / ) B, = jWErEO_OI(g) (10)

Az = 0.0053(b/h)? — 0.0441(b/h) + 1.0861. d"m

KpznJo(kpan D) HY (Kpond) = erkpon 1 (kp2nb) HS (K pond)

Kp2nNo(Kp2nb) HL (Kp0nb) — €rkpon N1 (Ry2nb) HE? (p0nb)

Cn=— (7)
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in which Input Impedance (€2)
; 1000
I = / cos? (mz) dz I Theory
m 0 h o Experiment
h form=0
— ? 500
o {h/z, form #0 (11) h
h 250 —
—77(3) :/ cos” <m7> dz
4 q 0
_Ja form=20 ]
- { q/2, form #0 (12) 20 ¢
d L L 1 n n
Ir(g’) = / cos? (mz) dz 0 375 38 3.85 39 3.95 4
0 h Frequency (GHz)
= d}L . f?,I;WTZO (13) Fig. 2. Calculated and measured input impedances against frequency:
msm( 7 ), for m #0 b = 19.45 mm, h = 19.90 mm, s, = 9.0, = 6.0 mm, a = 0.45
h mr n mm, d = 0.045 mm.
Ton = / COS(—Z) cos| —(z—1)| dz
’ ! h q Input Impedance (Q)
h 1250 -
=(-1)™ (7721”/ ) . Sin(mﬂq) (14) b=1.0
(mm/h)? — (nm/q) h 1000 |
g=h-1 (15) ol
i 0.9
and 6, ;. is the Kroneckers. After obtaining the unknown 300
coefficients and, hence{, the probe currenf(z) is found 250 |- W
by virtue of J;, = # x H andI(z) = 2waJ,(z). Using the 0 J\ » =
fact that Z;,, = V,,/1(0), the input impedance is obtained as o
p p
follows: 250
TS Vo -500 |-
m 271'@ . _750 1 1 L 1 L 1 1 L | L | L
SN b p2n|:]l(k/72na) + C N1(kpona) 35 4 45 5 55 6 65 7
16) Frequency (GHz)
Itis Wprth mentioning that_ whee,. — 1, ¢, — —j, and the Fig. 3. Calculated input impedance against frequency for différ@ntatios
result is reduced to that given by Morganal. [18]. with b kept fixed at 19.90 mm. Other parameters are the same as in Fig. 2.

Fig. 3 shows the calculateéfiM;;-mode input impedance
for differentd/h ratios, withh kept fixed at 19.90 mm. From

To verify the theory, an experiment was carried out usirthe figure, it is noticed that, above a critical ratiobgf, > 0.7,
an HP8510C network analyzer. A cylindrical DR of radiushe results show very narrow impedance bandwidths, which
b = 19.45mm and heighth = 19.90 mm was used in is a characteristic of the trapped-state mode. However, a
measurement. The dielectric constant of the DR has a much wider impedance bandwidth results whei < 0.7.
tolerance from 8.9 to 9.1, and the valuespf= 9.0 was used Moreover, the calculated resonant frequency is no longer
in calculations. The probe has lendgth- 6 mm and radius = predicted accurately by the root of the characteristic equation.
0.45 mm. It was found that the input impedangg, converged Part of the reason is that the probe loading becomes very
very well for N = 60 and this value was used in calculationslarge for 5/ < 0.7, by which the TMy;;-mode fields are
Fig. 2 compares the calculated and measured input impedastrengly influenced. Fig. 4 compares the probe-loaded resonant
for the trapped-statd’My;; mode, and reasonable agreemerftequency (maximum input resistance) with the source-free
between theory and experiment is observed. The measured soldtion. With reference to the figure, the error of the source-
calculated resonant frequencies (maximum input resistanfee value is small fob/h > 0.7. However, the error increases
are 3.848 and 3.847 GHz, respectively, which agree very wedlpidly whenb/h < 0.7. Other probe lengths and dielectric
with the predicted value of 3.918 GHz obtained using theonstants were studied. It was found that the critical ratio may
simple formula (3) (solving (1) directly gives 3.858 GHz)shift upward or downward for different probe lengths and/or
With reference to Fig. 2, a very narrow bandwidth is observedielectric constants. Therefore, one should be careful about the
which is to be expected for the trapped-state mode. A finilienitation of using the characteristic equation in the design.
bandwidth is caused by the loading of the probe. Note that theFig. 5 shows the calculated trapped-stiid,;;-mode input
measured result has a narrower bandwidth than the calculategedance for different probe lengths. With reference to the
one. This may be due to the assumption that the electric fid¢igure, both the input impedance and resonant frequency de-
on the feed gap is a simple constant, whereas the actual eleatrase as the probe length increases. Moreover, the impedance
field must have Meixner singularities at= 0 and z = d. bandwidth increases with and, hence, thdactor decreases

Ill. RESULTS AND DISCUSSIONS
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Resonant Frequency (GHz)
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6 . equation

~=-=== Modal theory

Solution of the characteristic

blh

stant (-factor), showing that the resonance can be modeled
by a parallel-type resonant circuit. The results agree with the
fact that material of high dielectric constant is a poor radiator.
The leaky-statd'My;o mode of the cylindrical DR was also
studied. Using the simple formula (4), the resonant frequency
and the@-factor are found to be 0.687 GHz and 0.968 GHz,
respectively, which excellently agree with the exact values of
0.688 and 0.968 GHz. It was observed that the bandwidth was
much wider than that of the trapped-stdi®l,;; mode, which
is to be expected. However, the input resistance was very
small; the measured and calculated values around 0.7 GHz
are 3.3 and 1.62, respectively. As the resistance is so small,
the error of neglecting the dielectric and ground plane losses
becomes very large.

Fig. 4. A comparison of resonant frequency between the modal solution

and the root of the characteristic equatiénkept fixed at 19.90 mm. Other

parameters are the same as in Fig. 2.
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IV. CONCLUSION

The probe-fed DR located inside a parallel-plate waveguide
has been studied theoretically and experimentally. Both the
trapped-statd’My;; and leaky-statd’Mg;, modes have been
considered, and simple design formulas for predicting their
resonant frequencies have been presented. It has been found
that the trapped-stat&Mq;; mode is excited properly only
when the probe is short. In this case, a very narrow bandwidth
and a very high input impedance are obtained. However, as
the probe length exceeds a certain value, 1id,;;-mode
fields are strongly influenced by the probe. In this case,
the characteristics of the mode disappear, and the resonant
frequency is no longer accurately predicted by the solution of
the characteristic equation. The leaky-stdtel,;o mode has
a much wider bandwidth than the trapped-stitd,;; mode,
but the input resistance is too small to notice easily. Of course,

Fig. 5. Calculated input impedance against frequency for different progglding the mounting holders for wireless communications
lengths. Other parameters are the same as in Fig. 2.
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[8] should greatly change the characteristics of the leaky
mode. Such modified configurations can be studied in a
straightforward manner by extending the present theory.

It should be mentioned that the theory is very general since
it is not limited to frequencies around the DR resonance. For
example, it may be used in the design of radial-waveguide
excited antenna arrays [22], [23], in which the DR may be
used to help achieve the impedance matching.
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