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Resonant Frequency and Quality Factors
of a Silver-Coated\/4 Dielectric
Waveguide Resonator

Arun Chandra KunduStudent Member, IEEENnd Ikuo Awai,Member, IEEE

Abstract—In this paper, resonant frequency, radiation loss, ¥
conductor loss, and dielectric loss of a silver-coatedl/4 dielectric
waveguide resonator are investigated. Leakage of the electromag-
netic field from the open-end face of the resonator is the only
source of radiation, which also affects the resonant frequency.
New theoretical expressions are devised to calculate resonant
frequency, conductor quality (@) factor, dielectric () factor, and
radiation @ factor. Effective conductivity of the resonator-coated
silver is estimated from experimental unloaded(® factor. The
theoretical analysis is validated by the experimental result and e I =
the data obtained using the finite-difference time-domain (FDTD) L
technique. Finally, we have designed and fabricated a dual-mode
bandpass filter using this resonator.

S¥INMeEAry planc

= Eleeing Dkl

= magnels leld

Fig. 1. Electromagnetic-field distribution foFE19; mode of a\/2 res-

Index Terms—Dielectric waveguide resonator, high permittiv- onator

ity, radiation @) factor, resonant frequency, unloaded® factor.

frequency increases. We will derive new equations to explain
) o the experimental resonant frequencieS 'tk ,,- andTMnp-
C_ELLULAR mobile-communication systems are expandike modes. We will also derive new equations to calculate
ing rapidly throughout the world, and a number Ofhe conductorq factor, dielectricq) factor, and radiatiorQ
terr_mnal_s and ;mall base stations for these systems have beefor by using waveguide approximation and comparing it
rapidly increasing. One of the most important componengg finite-difference time-domain (FDTD) analysis data.
widely used are dielectric resonator filters. These resonator§ye will separately analyze the electric- and magnetic-field
demand high dielectric constant to enable compact desigfstribution of a)/4 resonator by FDTD simulation. We will
low dielectric loss to offer high qualitycf) factor, and good 150 compare all the theoretical and experimental results with
stability on the temperature. Silver is considered as the coatif)g FDTD simulation data. In the final section, we will design
metal since it hold the highest conductivity among metals. 5 fabricate a dual-mode bandpass filter using a single

Since @ factors are important parameters which indicatgssonator having a dimension of 5 mm5 mm x 10 mm.
the property of a resonator, a thorough investigation is made
on resonant frequency an@ factors of aA/4 dielectric
waveguide resonator that has an open-end face (OEF). This Il. DUAL MODE IN A A/4 DIELECTRIC
resonator is of square cross section, which allows dual degen- WAVEGUIDE RESONATOR
erate modes. We can make the optimum use of the OEF of & directly silver-coated\/2 dielectric waveguide resonator
A/4 resonator for coupling of the dual modes, coupling to thef square cross section has two lowest degenerate orthogonal
external circuit, and tuning the frequency of each mode [1]JmodesTE;,; and TEq;;, which are perpendicular to each
In principle, the OEF of the resonator radiates energy arsther. They couple through a perturbation which destroys the
thus, unloaded) substantially degrades. Thus, the estimatiosymmetry and splits resonant frequencies. Now, if we cut a
of radiation loss and study on the condition to reduce it ase/2 resonator along its symmetry plane (see Fig. 1), about
the most important factors for versatile use of 4t dielectric which the electric field of the dominant mode is symmetric,
waveguide resonator. Due to leakage of the electromagnetie can get two quarter-wavelength resonators.
field from the OEF, the perfect magnetic wall (PMW) is shifted Due to high relative permittivity of 93, the field confinement
from the OEF into the interior of the resonator, and effectivig strong enough, and the field distribution ofA4 dielectric
wavelength of the resonator decreases. As a result, resonaaveguide resonator should not significantly differ from that
of a\/2 resonator. Hence, we named these fundamental modes
Manuscript received September 1, 1997; revised February 5, 1998. the TE/ and TE/ modes after theTE and TE
The authors are with the Department of Electrical Engineering, Yamaguchi 101 0l1 oL e 011
University, 2557 Tokiwadai, Ube-755, Japan. modes of a\/2 resonator. The electric-field distribution of
Publisher Item Identifier S 0018-9480(98)05507-0. a \/4 resonator is shown in Fig. 2. The degenerate modes

I. INTRODUCTION
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Fig. 4. Electromagnetic-field distribution at the OEF of At resonator. (a)

Fig. 2. Electric-field distribution of two degenerate modes at the OEF of ttia\W approximation. (b) Waveguide approximation.
resonator.
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Fig. 3. Comparison of theoretical, measured, and analytical resonant fre- Zin+Zg=0 1)
quencies of\/2 resonators (resonator dimension: 5 nxrb mm x 20 mm,

e = 93). where Z;,, = jZ;tan(8¢/2) and ¢ is the length of a)\/2

dielectric waveguide resonator.

are utilized for fabricating a miniaturized bandpass filter From (1), we can deduce the f/ollowing relalltions to calcu-
with space-effective configuration. The cross section of tfa€ the resonant frequencies BE,,,, and TM,,,,, modes,
resonator will be taken as 5 mm 5 mm. respectively,

2 2 1/2
[{wg%ﬁrﬁbo - (m> - (ﬂ) } c/2
lll. RESONANT FREQUENCY @ @

. . 1/2
For \/2 resonators, the experimental resonant frequencies 2 _(mmNE T2 /
Wo€osrHo a
2

| IS

show an excellent agreement with theoretical and FDTD _ -1 | _ a
analytical values, as shown in Fig. 3. From Fig. 3, we can also (ﬂ)Q + (”W>2 —w
justify the validity of our FDTD program. Fok/4 resonators, a

the experimental and theoretical resonant frequencies differ 2)
to a significant amount. It is because the resonant frequency

of a \/4 dielectric waveguide resonator was calculated b"y‘d

considering its open-end face (OEF) as a PMW. In reality, { s 2 a2 /2

is not true, since a portion of the electromagnetic field Iea{{w%sosrm — (—) — (—) } c/Q]

from the OEF, and effective wavelength,) in the resonator “ “

becomes shorter than the physical length, as shown in Fig. 4, mm\2 nmy2 )
and naturally, the experimental resonant frequency becomes . (7) + (7) — Wotoko
higher than that of the theoretical ones. Focusing attention on tan e 5 M\ 2 nmy 2
this point, a new concept is proposed to calculate the resonant “ocoerto = (7) B (7)
frequency of a\/4 dielectric waveguide resonator by using (3)
waveguide approximation as follows.

Let us suppose that there exists an infinitely long air-filledthere ¢ is a side length of the square cross section of the
waveguide in contact with the OEF of)¢/4 dielectric wave- resonator. Now, the resonant frequency of & ,; mode for
guide resonator, as shown in Fig. 54§ is the characteristics various lengths of the resonator, calculated by (2), is shown
impedance of the air-filled waveguide ai#f}, is the input in Fig. 6. From Fig. 6, we see that the results obtained by
impedance looking into the dielectric-filled waveguide, ththeoretical analysis, the FDTD method, and a laboratory test
condition for resonance of the dielectric waveguide resonatare in good agreement with each other.

1/2

=0



1126 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 8, AUGUST 1998

TABLE I

— Mode | Calculated | Measured FD-TD

= (GHz) | (GHz) | analysis

e (GHz)

>

g T | 446445 | 4468 4.456

= ™z | 4975 498 4.963

& T | 5864 5.875 5.849

g T™M' 12

g 6.994 7.018 6.932

% 211
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Fig. 6. Resonant frequency versus lengthAgft resonator (resonator di- ] l
mension: 5 mmx 5 mm x 10 mm,s, = 93). c ‘} ( ) V \ i
oot MARKER {}
¢ Bl. 388500032 |GHz
TABLE | §
Mode | Calculated | Measured FD-TD ' i
(GHz) (GHz) analysis ’
(GHz)
TEou | 3389 3.360 3346

101

v ; 1Y
TEoz | 4149 4.069 4.069 B .

102 N ; ]

TEum | 4614 | 4586 4.568 Lol '
TBua | 5223 | sa31 5134 ; ; : - "

013 i i : i i
TBwz | 5905 5.142 5137 R ! L :
TE! N VR R S U R . |

[:)11 6.082 6034 6.037 START 2.000 000 000 GHz STOP 8.000 000 OO0 GHz
TE'104 6.478 6.397 6.382 Fig. 7. Higher order modes including the dominant mode of a 5 mim

014 5 mm x 10 mm A/4 resonator.

TEa | 7101 7.003 7.001
TE'I()S H
s | BB 7.768 7737 spectrum. For the higk-resonator, we can accurately com-

pute the@ factors by the FDTD perturbation method [2].

i Using the theoretical equations and discretizing its integration,
Here, we also observe that the theoretical resonant frequ% Q factors can be expressed as follows:

cies calculated by first-order approximation exists at a little
bit higher than the experimental values. It is because we have

considered an infinitely long air-filled waveguide in contact w2 V|H|2 av
with the OEF of the resonator. In reality, it is not a waveguide, Qe Y TS (4)
but free space. Thus, the evanescent field should be spreading ‘ j’§|Ht|2 ds
more to reduce the frequency shift from the first-order result. s
The resonant frequencies of higher ord€E; , and W /<€|E|2 dv
TM,,,,,, modes, including dominant modes of a 5 mm5 Qu =wop = - (5)
mm x 10 mm A/4 dielectric waveguide resonator calculated 4 / e"|E|? dV!
by the first-order approximation, are shown in Tables | and II. e

From these tables, we have identified all the experimenta{M1erch andQ, are the conductor and dielectii factor of
obtameq reso_nant modes_(_see Fig. 7) _Qf/a resonator of the_ the resonator” is the imaginary part of the dielectric medium,
same dimension, and verified them with the FDTD analytlc% is the average stored energy, and P, are, respectively,
values. They have shown a very good agreement. the average dissipated power by conductor wall and dielectric
of the resonator, and” denotes the volume of the resonator
plus volume of the metal box, which is placed in contact
] ) ) with the OEF of a\/4 dielectric waveguide resonatol.’
A. Simulation Technique of Resonant Frequency @nd denotes the volume of the dielectric resonator onlyjs the
Factors of a\/4 Resonator by the FDTD Method angular resonant frequendy, is the magnetic field tangential
By fast Fourier transformation (FFT) of the time-step reto the conductor wall, and is the depth of penetration of the
sponse of the resonator, we can obtain the resonant frequecayductor wall.

IV. FIELD ANALYSIS BY FDTD METHOD
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L R E, component is also shown in a three-dimensional (3-D) form
N - L Omm R in Fig. 9. From these_ figures, it is clear that a small portio_n
L P of the electromagnetic field leaks from the OEF and the shift

—» 7

of the PMW is (maximum&, plane) quite large considering
() a little leakage of the field.

Fig. 8. (a)E, component of the electric field &FE},; mode iny—= plane

of the resonator. (b) Transverse magnetic field of the resonaterirplane
of the resonator. V. THEORY ON CONDUCTOR DIELECTRIC, AND

UNLOADED ) FACTORS OF RESONATOR
In the FDTD analysis, the resonator is excited by the

following Gaussian modulated radio-frequency (RF) pulse apd @, and Q, Values of\/2 Resonator

the center frequency is set to the resonant frequency [3] The conductoK) factor Q, and the dielectric) factor Q.
H, = exp[—(At -n — 3T)?/T?] (6) fortheTE;o; mode of a\/2 rectangular dielectric waveguide

. resonator can be obtained from the following equations:
whereAt = 0.68 ps, 7 = 1.8734 ns, andn is the step number.

In our analysis, we have added a 20 mm20 mm x Qo =L da’c?
30 mm metal box on the top space of the resonator, which ¢ 622 c(a? + ) + 2(a + ¢3)
will suppress the radiation loss. 1 a(a? + A)
The radiation@ factor @, can be simulated by using the =% NP (8)
following equation, which have been devised from the basic (@? + %) + —(a® + %)
equation of the@ factor [4]: A 1
wo Qu=—F= - (9)
Qr =t (7) fo tan
In a

. . where ), is the free-space wavelength of a half-
where« is the ratio of attenuated stored energy for period wavelength resonatoé (skin depth of the silver coating)

To compute the radiatior? factor, the super-absorbing__ (1/\/7#7 _ ; o
_ >~ Y= ofoo1), o1 = sog, oo is the conductivity of
second-order Mur absorbing boundary conditions (ABC’S) afge hyik silver, s is the multiplication factor, andi is the
utilized instead of the metal box, used for calculationt®f 555 factor of the dielectric material and is independent of
and ). This condition simulates the open space extending ﬁ%quency [6]. Its measured value is given by Ube Industries,

infinity, and can suppress the spurious reflections of outwaigp o Japan, to be 6000 GH#, is the resonant frequency, and
propagating numerical-wave modes at the OEF truncations by, ‘e the length and width of the resonator, respectively.

99.9% [5]. The time-step function will be attenuated at thepe gimylated and theoretical, and Q) values are depicted
observation point, which is taken very close to the OEF. Froj Fig. 10, which shows an excellent agreement. During
the time-step function, we can determinedy calculating the calculéltion and simulation of)., s = 0.6 was taken
ratio of average electric or magnetic energy for a certain perigg, account. <

of ¢.

B. Determination of Effective Conductivity

B. Analysis of Electromagnetic Field of g4 of the Silver Coating

Resonator by the FDTD Method . )
The unloaded? factor o of a A/2 rectangular dielectric

The £, component of the electric field inside and at thg,,, 0. ide resonator can be calculated by using the following
OEF of the resonator, simulated by the FDTD technique, é?}uation'

shown in they— plane of Fig. 8(a). Similarly, the tangential
component of the magnetic fielgH,) is shown in ther—z 1 1 1 (10)

plane of Fig. 8(b). For more clarification, the amplitude of the Qo Q. Qa4
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T 1 waveguide, shown in Fig. 5, which are given below:
i I [ ¢
soo| — e 5
| f E; = Epsin <_c> sin (E)G_’Y(Z_C/Q) (14)
o e f 2 a
g 1500 - . - E /36 "
— T 5

& H, =- 07 gin <—> sin (—)6_7(‘_6/2) (15)
‘? 1200 J@Wotio 2 a
5 ; iE 3 .
5 Qc theoretical H,/, = 20 (z) sin <E> cos (E)ei’yuicm) (16)

900 RN Qd theoretical Wolio @ 2 a

/ 4 QcFD-TD analysis
:, ® Qd F]?-TD analysis where 72 — (7r/a)2 _ ngONO-
600 : : .

0 4 3 2 16 20 We have elucidated the conduct@rfactor as follows:

Length of resonator (mm) ( ) 5
Wi+ Ws 8am

Fig. 10. Theoretical and analytic}. and ), values for half-wavelength Qc = wo =

- 2
resonator. ~ PC 6)‘01
.2 </3C>
1 S1n ?
Ep .
800 ¢ ! ’ Zle—Zsinfe) + ———2
[ y 2 3 ~
= - : 2 3 N2
g 7™ 3(3) sin 3 3——(—) 32(c + 2
g ‘ ‘ ‘ Ag) T n feq f 3\ + B%*(c + 2a)
2 600 L~ —— theoretical (61=0.750) i ]
% . theoretical (c1=0.650) (17)
=500 L - theoretical (61=0.550)
=i - - .
g o F D'TI? analysis (61=0.650) where )\o; is the free-space wavelength of)a4 resonator,
5 400 o “"P“‘m"_m,al W, denotes the total energy stored within the dielectric-filled
o0=conductivity of purc Ag waveguide, andV, is the total energy stored within the air-
300 L L J filled waveguide.
4 8 12 16 20

We have also devised the following equation for the dielec-
Length of resonator (mm) tric Q factor:

Fig. 11. A comparative study of theoretical, analytical, and meas@gd
values for a\/2 resonator.

/ / eo E|2 V" +/ e|ER dv’
(Wl + WQ) v v/

d = =

The measured, calculated, and analyti@al versus length Fa / |EJ2 dV
of a A/2 resonator is shown in Fig. 11. From the comparison g
of theoretical and measureg, values, we have tried to find 9 gin? <@)
out the effective conductivity of the resonator-coating silver. 1 1 1 18
Due to surface roughness of the resonator and frit in the silver ~ — tan é * €r 1, (18)
paste, the electric-current flow is hampered. As a regit, <C 3 Sm(ﬁc))

values decrease. From Fig. 11, we see that both values are in
coincidgnce foro = 0.60¢ [7]. This value was used for the \yhere " is the volume of the air-filled waveguide(w,) =
theoretical calculation of). of a A/4 resonators. ¢ — je”, in which ¢ contributes to the stored energyee”
contributes to the power dissipation, atuh § = £/’ [8].
C. Q. and @, Values ofA/4 Resonator The Q. and @4 values calculated by using (17) and (18)
With the help of the waveguide concept, we have definédfd those calculated by PMW approximation are compared
the field components oTE/,, mode inside a\/4 resonator with FDTD simulated data, and are depicted in Fig. 12, which

as follows: shows that the). and Q4 values calculated by waveguide
r approximation exhibits a close proximity with the FDTD data,
E, =Eysin (—) sin(3z) (11) especially when the length of the resonator becomes larger.
Fo @ - It seems physically reasonable since the leakage of the fields
H, =—2gin (—) cos(fz) (12) decreases according to the length of the resonator.
Jwolto a
H, =220 (ﬁ) cos (ﬂ) sin(8z) (13) VI. RADIATION ) FACTOR
Wwolo N @ a ..
We have measured the radiatighfactor @, based on the
where E, is a constant an@? = wieoe,.p0 — (7/a)?. expectation tha€). and ), are almost the same for bofty 2

By applying the boundary conditions at the OEF, we caand A/4 resonators. Since all the surfaces ok & resonator
deduce the electromagnetic-field components of the air-fillede directly silver coated, there is no radiation loss. Thus, if we
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Fig. 12. Q. andQ, versus length of the resonator fay4 resonator. Fig. 14. Comparison of experimental and analytical radiatibffiactors of
a A/4 resonator.
= i 1' 0= i Q factor:
o i ! b o
o ] = Wl - -t wo(Wl + WQ)
2 Q=" T
= S e P,
1 2
Ebectric feld 3 [s,{c ~3 Sln(ﬁc)} + 5 sin? ([3c)}
Fig. 13. Explanation of electromagnetic surface current. - 81 a2 ) ) Be 4r? ) Be
B2cos? | — | + 5—sin” | —
2 Ad1 2
subtract thel /@) values ofA/2 from that of aA/4 resonator, (21)

we can measure th@, values. The assumption above is not

valid examining the difference of the FDTD result fay2 whereW; denotes the total energy stored within the dielectric-

and A\/4 resonators, shown in Figs. 10 and 12, respectivefffled waveguide and¥: is the total energy stored within the

Fortunately, however, the sufi/Q.) + (1/Qq) is almost the air-filed waveguide.

same for each resonator and, hence, the extractiep. dfom However, theR,. values obtained from (21) were too small

the measured data for each, becomes possible. (for ¢/2 = 10 mm, @, = 1000) to explain the measured
According to Konishi [9], we can replace the electric fiely@lues. Thus, we have simulated the radiati@nfactor by

of the OEF of a\/4 resonator by a magnetic surface currerih® FDTD technique, which shows a good agreement with the

M,. The derivedP, and Q, by M, are given as measured values, as shown in Fig. 14.

8 at Eg

Ll v iy (29) VIl. UNLOADED () FACTOR OF A A/4 RESONATOR
4 o .
32 2)\ Unloaded( factor () of a A/4 resonator may be written
Qr=— 2. (20) as follows:

52 1 1 1 1
whereP. is the radiated powe€y,. is the radiatiort) factor, \g 0o = o + Ou + o, (22)
is the free-space wavelength, anglis the free-space intrinsic 0 ¢ d T
impedance. The experimental), values and the FDTD results shown

However, @,. values calculated from (20) are too large tin Figs. 12 and 14 summed by use of (22) are shown in
explain the measured values (fof2 = 10 mm, @,. = 6000), Fig. 15. From Fig. 15, we see that the experimefjalvalues
since (20) was derived by considering the OEF of\&l of A\/4 resonators are in good agreement with the numerical
resonator as a PMW. In reality, a PMW is possible only whesnes. It is also observed that, for the resonator length larger
e, = co. However, until today, that of commercially availablehan around 10 mm, thé&, values have little increment. In
dielectric ceramics is less than 100. As a result, magnetic-fiedddition, the resonant frequency does not effectively decrease
leaks from the OEF and PMW are shifted into the interior aibove 10 mm, as shown in Fig. 6. Thus, around 10 mm would
the resonator, as shown in Fig. 4. be the most effective length, considering tradeoffchf and

Thus, the tangential component of the magnetic field existelume for the resonator of 5 mnx 5 mm cross section
at the OEF, in addition to the tangential electric field. Thigl]. Therefore, it would be recommended to change the cross-
magnetic field causes an effective electric-current so(/gg sectional dimensiom so as to have a resonator of different
at the OEF and assists in increasing the radiation loss, as shaesonant frequency.
in Fig. 13. Recalling (2), the resonant wavelength becomes propor-

By analyzing these electromagnetic fields on the OEF, wienal to « if one also increases proportional toa, and it
have derived the following equation to calculate the radiatieems a rule of thumb to keep the ratio of the length to the
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Fig. 16. (a) Configuration of a dual-mode bandpass filter. (b) Printed circuit START 1 000.000 000 MHz STOP & 000.000 000 MHz
board for strip-line excitation. (b)

. . Fig. 17. Measured frequency response of the dual-mode bandpass filter. (a)
width equal to two. However, the variod$ values calculated Transmission and return loss. (b) Spurious response.

by (17)-(21) give the following dependence anunder the

condition ¢ o a: As for the externaky factor (Q.),

Q. x+va, Q4xa @Q,=constant. @3) god1fo
Hence, the tradeoff point mentioned above will shift slightly Qe =
according to the resonant frequency, though the rule of thumbrhe filter configuration is shown in Fig. 16(a). It is mounted

= 39.6. (26)

holds for a wide microwave frequency band. through the 5 mmx 5 mm hole of the printed circuit board
[see Fig. 16(b)]. Here, the input/output loads are achieved via
VIIl. D ESIGN AND FABRICATION OF DUAL-MODE BPF microstrip lines. The coupling between the degenerate modes

A dual-mode BPF is designed with the help of the insertiof§ controlled by the size of the triangular metal pattern at the
loss method. The normalized reactances of a maximally fQEF, and external) factor is controlled by the dimension of

two-stage prototype low-pass filter is given as [10] the exciting electrode [1].
The insertion loss in the passband can be calculated as [11]
go — gs = 1 g1 = g = 1.414. (24) )
If we choose the center frequengy = 3.36 GHz and L :4.34@2 9i _ .996 dB (27)
bandwidth B = 120 MHz, the coupling constant is B P Qoi
k= 1 B —0.025. 25 where Qg; = 580 (experimental data) was used. Experi-

V9192 fo mentally obtained transmission loss (0.15 dB of the external
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microstrip line) should be added to the above calculategh]
insertion loss to compare it with the experimental result of
0.48 dB. 4]
The measured responses are shown in Fig. 17. The
3.332-GHz resonant frequency, 0.48-dB insertion loss, and
118-MHz bandwidth of the fabricated filter are almost thegg)
same as the design values. 7]

IX. CONCLUSION -
This paper presented a thorough investigation of resonant

frequency, conductory factor, dielectric() factor, and ra- [
diation @} factor of a A/4 resonator. In light of the above
investigation, we can conclude thahA4 dielectric waveguide [10]
resonator can be used as a counterpart df/2 resonator,
expecting similar characteristics. The OEF of the resonatat;
can be used for resonator excitation, frequency tuning, and
dual-mode coupling to fabricate a filter. The advantage of a
A/4 resonator includes more compact size and versatile use
of its OEF.

Finally, we have designed and fabricated a dual-mor
bandpass filter. The fabricated filter has shown an excelle
coincidence with the designed values, i.e., center frequen
bandwidth, and insertion loss.
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