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Novel TEy5 Rectangular-Waveguide-Type
Resonators and Their Bandpass
Filter Applications

Hee Yong HwangMember, IEEEand Sang-Won YurMember, IEEE

Abstract—New dielectric-filled rectangular-waveguide-type
TE,os resonators are presented. A dielectric-filled rectangular
waveguide section (WGS) has inductive impedance at the open-end
faces. Using this property and the frequency dependency of the
wave impedance of the WGS, we calculated the resonant frequency -
and the slope parameter of the waveguide-type resonators. The B Metal
resonant frequency depends strongly on the width of the WGS 0 Dielectric material C 0
and loosely on the height and the length. The calculated resonant ® )
frequencies agree well with measured data. One of the proposed
bandpass filters shows highly reduced spurious up to three times Fig. 1. (a) WGS with dimensionsx b x d and (b) its equivalent circuit. The
the center frequency. Quality factors of the resonator and effects OEFs are considered as PMWs.
of a housing are also discussed.

Zecor(8/)
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Index Terms—BPF, dielectric resonator, TE 05, Waveguide
filter, waveguide resonator.

. INTRODUCTION

IELECTRIC materials with a high dielectric constantFi 5 (2) WGS and (b IumoddC resonator with load”
high @, as well as low temperature coefficient have been? < @ (b) lump o

developed and widely adopted for many types of miniaturized
resonators. Using these materials, we can easily form siiyictical use of the resonators. The resonator could be also de-

high-Q dielectric-filled waveguide resonators. Such resonatofigned as a planar surface-mount device (SMD) because the res-
are typically based on the resonance characteristics aro@@nt frequency is hardly changed by a variation of the height

either quarter wavelength or half wavelength [1]-[6]. “0" of the WGS.
However, when a dielectric-filled waveguide section (WGS)
is terminated by proper impedance at both ends, we can find Il. WGS WITH OEFs

impedance-matched points or resonant frequencies, depengintResonant Modes of a Dielectric-Filled Rectangular WGS

on the terminated impedance conditions. This resonance can bﬁ structure of dielectric-filled rectangular WGS and its equiv-
observed in dielectric-filled WGS of very small electrical length Y q

. -~ _alent circuit are shown in Fig. 1(a) and (b), respectively. The
and can be called 8BE;os mode because of its short physma% . . !

and electrical length. Due to the leakage of the electromagne laE F? of tti’? e|WiS are gonfs;?}ereld ats PMWs Itr'] t?elggure. bCOtE
field from the open-end face (OEF), the perfect magnetic w jeering the fea ages [5] of the elec romagnetic field from bo
(PMW) is shifted from the OEF into the interior of the resonato E,FS of the rect_angular WGS as_two additional susceptance
[5]. Each OEF can be read as an inductive load, which can alsé S, more pracucally, we can derive a lumped r?sof‘ator
make a very short WGS work as a resonator. The investigatig}%jefI of the WG.S with "".fb'tYary Ioads‘oz as lshown In Fig. 2'.

of the OEF characteristics and an equivalent resonator model is sing the equivalent circuit of WGS in F|g._ 1 we can derive
needed to obtain resonator parameters such as the resonanI Feg-_parameters of \_NGS andC resonator with loadr, re-
quency and the slope parameter. The radiation from the OE%RC?CUVGIM as follows:

and the effect of a housing have to be also considered for %e 2 1
21lwa =

1\ 2 vz B2\ . 2
1+(W) [2BaC089+(Yg— + - 7‘1) 51119}
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of the Fig. 2(a) and (b), respectively, when the loadsyare
Compared the two equations with each other, the equivale
susceptancé’ is derived as

2B, cos b Yo Y, B2 .
B=Y,| =" _ (2_29 a 0. 3
0 [ Yo <Y Yo M Y05G> - } )

where|S21|wea and|S21|¢ represent the amplitudes 88;s nod
nng ‘

7

If we set the resonant condition to ie= 0, then the electrical

length of the waveguide resonator at the resonant frequenc' .t
given by (4). Using a root-finding algorithm, the resonant fre
qguencyfy is from (3) as shown in (5)

=004 *
2B Y. 1430 L 150 0T 10
b = tan™ 52— (4) )
YO - th] + Ba
fo= f|B=0 (5) Fig. 3. Susceptanc®& versus wavelengti,; ¢, = 38.4,a x b x d =
. Lo . 20 x 5 x 10 (mm), B, = 0, andf. = 1.210 GHz.
whereY}, is the characteristic admittance of the WGS

The susceptance slope paramétes defined as (6) be used consistently [8]-[10]. When the “power-voltage” defini-

—  fy OB fo AB tionis used, the parlameté,r W.i|| be 2. Ifthe wave impedance is
b= =7 ~ . (6)  chosen for calculation, thefy is a/b. In this paper, the “power-
2 af|,_ 2 Af f=f A ;
—/o voltage” definition is used consistently.

In the above equations, the resonant frequency and the suscepvhen we consider a distributed resonator, the effect of load

tanceB are dependent on the electrical lendtlihe character- Yo is frequently neglected for simplicity, as in the case of an

istic admittance of the WG$,, additional susceptandg, and ideal LC resonator, and the value is treated as zero. However,

the loadY,,. the load can change the characteristics of the resonator, such
When B, is zero, as the approach to resonators with PMW&s resonant frequency, slope parameter and quality factor, occa-

at both ends, then (3) is simplified as (7) sionally. To obtain a more exact solution, we shouldYise? 0

condition. Supposed thaf, is not to be equal td), the resul-
B=Y, [(Yg YO) cin 9} ) (7) tantsusceptance slope paramétean be written as

= fo OB

resonator when real loads are attached at its open ends, and it 2

has two solutions for resonance conditidh= 0. _Y <E _ ﬁ) mwoe ™Yo <E _ ﬁ) <M) )
First, as a conventional resonator, if zero value is chosen for  Ys \Ys Yo/ 28d. — 2 \Y, Yo Ao

Yy when OEF is under open or PMW condition it can be more (12)

compact equation as Cohn [7] described for the rectangular

waveguideTEy; resonant mode

Second, (7) has another solution when waveguide character-
istic impedance is equal to the load impedance

B=Y,siné. 8
g Sin ( ) Y'g =Y, (13)
At the resonant frequency, the electrical lengtfthe resonant wo = K. ' (14)
frequencywy, and the susceptance slope paramietam be ex- e — (Yo dZ)Q
pressed as in (9) and (10), the well-known equationd16s,,,x
resonant modes whereK,, = /(m Ja)® + (n7 Jb)2. )
0=k, k=123 ©) The corresponding susceptance slope parameéser
2
1 maN2 nmN2 [kr)? b= “o B — wo¢ <&> sin 6. (15)
wo = ,_NE (7) +(T) +<7) ’ k= 17 27 37 e 2 dw wo de K
(10) We can read (14) as an equation for “impedance matching fre-
— wy dB nwoe 7Y, (Ao 2 qguency.” This concept could be true with any waveguide that
b= 2 dwl|.  23d. or—~ <)\_0> (11)  the characteristic impedance is changed by frequency, differ-

ently from TEM mode lines.
whereZ, = (wp/B3)d.,d. = d.(b/a), d, is a constant, andy Using (3) withB, = 0 or (7), the susceptandgis plotted in
and ), are the wavelengths in free space and in empty waveig. 3, according to somg, values. The zero crossing points,
guide, respectively. It is difficult to define waveguide characteR4 (A, = 0.5) and P5 )\, = 1.0) in the figure, represeriE,
istic impedanceZ, uniquely. There are at least three differenand TE, . resonance of (10), based on half wavelength reso-
ways to define the impedance, and one of the definitions musince. The P1, P2, and P3 mean & ¢s resonant points by
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Fig. 5. Type | resonators.

Fig. 4. The center frequency @fE,,s mode and its restriction.
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(14), and the electrical lengths are dependent on the lgad
One limit value of the resonant frequencies of (14) is the cutoff
frequency. As the load; is closer to zero, the resonant fre- @ =,
quency approaches to the waveguide cutoff frequefycgind

the electrical length is closer to zero as in (14) and Fig. 3. Ac- ~ ,
cording to the load value, the half wavelength resonance can be = .' Q’
changed from parallel to series resonance or reverse as the case

of Yy = 1/25. If the loadY; is much higher than maximuny,, @ @8 ® =
the OEF will be seen like a short circuit a5 will be dis-

appeared as the caseldf = 1/25 in Fig. 3. In order to make
this limitation clear, a real condition is forced to the square root

Fig. 6. Type Il resonators.

term of (14) and (16) is obtainedas follows: e s’
@y (16) e e
b o7lo = : :-— :-’ =
. . . . = 1 - Cermmic filled
Equation (16) represents the relationship between resonator di- T Cwreanida: wied
. . . . I_-—-,l Y i izl
mensions, dielectric constant and load impedance fofthgs i &
resonance. It implies that with high permittivity dielectric ma-

” - . ABC hoondary BO ;
terial such as ceramic$E;os resonator can be easily formed. AxBxl

(16) can be also written as (17) equivalently. It means that the
load impedance has to be larger than the lower limit of th#g. 7. ABC boundary BOX (see text also).
waveguide characteristic impedan£g i, which can be seen
graphically from Fig. 4 white parts of the figures represent ground or metal parts and the
shaded parts are dielectric materials. All of the Type | config-
Zgmin. = Lyl oo = 1z < Zo, 17 urations work as rectangular waveguide mode resonators. Type
wheren = \/u/ere0, Z4 = 1/Y,, andZ, = 1/Y,. Il resonators can work as a mixed rectangular waveguide mode
In Fig. 3, though Z,(=25) is also larger than With microstrip mode except Type lI-(c). Type II-(d) was re-
Z,min (=17.24), the TE s resonant frequency (or electricalported in TEM dielectric mode filter structure [11], and as “a
length) by (14) is so high (or large) that it cannot be seen $MD type partially metallized rectangular dielectric resonator”
the frequency range of the figure. The resonant frequency [87]-
(14) is not always below that of half wavelength resonance The additional susceptancB, values of each OEF are
(TE1o1). In practice, any frequency can be chosen as tiespected with HFSS, according to the OEF conditions. First,
resonant frequency, but if a frequency beld,, resonance the one port scattering paramef§y was obtained by applying
is chosen, the slope parameter value by (15) is not so small &8C (absorbing boundary condition) to the open end as in
is proper to design a bandpass filter (BPF )that has narrowfd@. 7. The dimensiond x B x L of ABC box are 200x 80 x

moderate bandwidth. 100 (mm), if any ground does not limit the dimensions. The di-
mensions are chosen such that the solution could converge, and
B. OEF Characteristics of a WGS then the dimensions could be larger thanX0oBthe free-space

If the effect of an OEF is not negligible, we should conside¥avelength [12]. The parametst, was de-embedded in order
additional susceptanch, at both OEFs of the resonator. Letd0 remove the lengtti of the dielectric-filled waveguide in
consider a rectangular waveguide resonator filled with ZST dglg- 7. Then the resultarf,; was converted into admittance
ries ceramics of,. = 38. The dimensiona x b x d are 20.0x  Parameteryy;, to determine the additional susceptangg
5.0 x 10.0 [see Fig. 1(a)]. using (18)

Several possible resonator configurations are given in Figs. 5 1— 511

and 6, according to the OEF conditions of the resonators. The Y=Y, 1+ 51,

B, = Im[Y11]. (18)
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Fig. 8. B, values of Type | resonators. Fig. 10. Measured lowest four-poles for a type IlI-(€) resonator;
M1 = TE19s, M2 = TE191, M3 = TE10s, M4 = TE 1.
T TER
i = .. TABLE |
S R ——= COMPARISON OFMEASURED AND CALCULATED RESONANT FREQUENCIES
yoa — B mm— ) USED RESONATOR ¢, = 38.4,a = 20.0,b = 5.0,d = 10.0 mm AND
I = =l 8 = TYPE lI-(€). SEE ALSO FIG. 10AND TEXT
-E i - g e TR | Modes | Calculated (GHz) | Measured (GHz) | Error ratio (%)
& ’ " TE1s 1.449 1424 173
e 3 TE 04 2.907 2.888 -0.65
Ay | " TEi02 5.000 4968 -0.64
S T L T TEns 5.600 5.521 141
s : TABLE I

140
Frur) LT

B ]

Fig. 9. B, values of Type Il resonators.

COMPARISON OFMEASURED AND CALCULATED RESONANT FREQUENCIES

USED RESONATOR ¢, = 94,a = 9.0,b = 1.9,d = 10.5 (mm),
AND TYPE II-(d)

Modes | Calculated (GHz) Measured (GHz) Error ratio (%)
The calculatedB, values of Type | and Type Il resonators ~ _1o 1834 1.8062 152
are shown in Figs. 8 and 9, respectively. Thg values are all TEm 2449 24156 -1.36
negative. It means that the open ends give inductive character- rg,, 3.495 34783 048

istics equivalently. The OEF gives lower inductive value, as the

ground planes are wider. this case, the resonator lengtlis so long that the resonant fre-
guency ofI'E; is closer to that ofE ;5.
C. TE;os Resonant Frequency According to the lengthd” and the height 8" of a resonator,
Once B, value is determined the resonant frequency of tae higher order mode&'E1¢;, TE;92, and TE;;s could be
resonator can be calculated by (3) and (5). To verify the cébcated on much higher frequencies as it can be read in (10) and
culations by experiment we measured the resonant frequendie$). In other words, the electrical length of th& s resonator
under loose coupling condition. One measured result is showrcan be chosen arbitrary using equation (3) and the datain Figs. 8
Fig. 10 for Type lI-(e) resonator with. = 38.4, a = 20.0,b = or 9, because the susceptardgg value is changed not by the
5.0 andd = 10.0 mm. Each marker pointed tBE,¢s, TE191, resonator length but by the frequency. In practice, the electrical
TE192, andTE; ;s mode peaks, respectively. We assumed infiength 0.X radian can also work as a resonator as in the Fig. 11.
nite Z,,, which is practical assumption becauggis so highthat Using short-length resonator the spurious respons&by,;
it could not change the resonant frequency under loose couplmgdes could be avoided.
condition. The comparison of measured and calculated modén Table Ill, the calculated and measured resonant frequencies
data are also given on Table I. The differences of the two carfthe 12 resonators in Figs. 5 and 6 were compared each other.
responding frequencies are all under 2%. The errors are pahe same resonator with. = 38.4, ¢« = 20.0, b = 5.0, and
tially caused by the roughness of metallized wall which gives = 10.0 mm was used. All the measured frequencies agree
nonzero gap between the resonator and ground plane. It wasl with calculated data as the above examples. The effect of
more than several hundred micrometers sometimes accordin@tF is to increase frequencies to all resonance, because all of
metallizing condition. Hence, thB, by the OEF could be in- the B,s are inductive value as shown in Figs. 8 and 9.
creased and the resonant frequency could be decreased in meA-top view of H-field distribution of aTE;qs resonance is
suring process. shown in Fig. 12. This was re-drawn from HFSS field data. The
Another comparison is given in Table Il for a resonator dPMW is shifted into the interior of resonator as Kundu [4] has
Type lI-(d) withe, = 94, a 9.0,b = 1.9, d = 10.5. In  mentioned. For thd'E;os mode, very short resonator length
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in Fig. 9 are used in calculation.

TABLE Il

RESONANT FREQUENCY COMPARISON OF12 TYPES OFTE ;g5 RESONATORS A
RESONATORWITH ¢, = 38.4,a = 20.0,b = 5.0 AND d = 10.0 (mm),

Electrical length andCE;,s resonant frequencies: Type ll-(e)
resonator witke,. = 38.4,a = 20.0 mm,b = 5.0 mm, (3), (4), and the data

EQUATION (3) AND THE DATE IN FIGS. 8 AND 9 WERE USED

[

| Mlcinl or
Chround

| Crd extrie

maleril

Fig. 13. Coordination system for Type | (f) resonator.

inside and outside of the resonator (dielectric-filled WGS), re-

spectively
b, =Fysin T2 cos Bz
a
Eop
H, =20 G0 ™ n e
w a
E
H, :j—o (I) cos =% cos 3z
wit \a a
3d .
E, = Epsin I cos pd e®(==4/2)
a 2
E 3
B = B0 gy Ty P maemar)
Wi a 2
H =0 (I) cos " cos PE gmata—d/2)
Wi \a a 2

1825

(19)
(20)
(21)
(22)
(23)

(24)

Type-I (GHz) Type-11(GHz)
Resonator
Calculated | Measured | Calculated | Measured

(a) 1.449 1.424 1.406 1.389
) 1.497 1.476 1.454 1.433
(c) 1.608 1.592 1.588 1.588
(@) 1.496 1.478 1.459 1.432
(e) 1.482 1.468 1.449 1.429
® 1.702 1.519 1.503

—

i

I_

QEF OEF

Fig. 12. Top view ofT'E;qs (H -field).

can be also chosen, because the PMW is at the center of th%EA

resonator.

D. The Quality Factors

The quality factor due to conductor log3,. can be repre-
sented as a ratio of stored enerffy;;, and conductor losg3.,
from the finite conductivity of the conductor of the resonator.
The stored energy terms of tle-field (P., P.) and H-field

€

(P, P!,) are calculated as (25)—(28)
€ *
PG,:Z /b E,-E,;dv
ab sin gd
=g E} <d+ 3 ) (25)
Py, :% /(H,; CHY+ H,-H)dv
eE? K2 — 32 sinfBd
/ 5_0 AN nTE 25 NV AN 5_0 a_b 2 2 @
P€,—2><4 E,-E, dv—a 8E0COS 5 (27)

Ty

P =2><%/(H;-H;*+H;-H;*)dv’

2 2
_pmab E} L) sin? pd + K cos? pd
a 8 Wit 2 Wit 2
(28)
y=P.+P.+P,+ P, (29)

whereE* andH* are the conjugate complexes of theand H,
respectively.

In this type of resonators, at least, there are three kinds ofThe conductor los#’. and the quality factof). can be cal-
losses such as conductor, dielectric, and radiation loss. Theséated as follows:

are represented in terms @f., Q4, and@,., respectively. Lets
consider that a dielectric-filled WGS of lengthis extended
with empty infinite waveguide [Type I-(f)], as in Fig. 13. The
field distributions [5] inside and outside of the section are given
by (19)—(24). Thel'E;o mode is supposed to be in the section.
The E, H andE’, H' represent the electric and magnetic fields

a 14 cospd 4 <Kc)2 Sinﬁd]

K

ab
=e— F2 —
€3 0d+K2+ 3

epx

(30)
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|r| to the observer is large enough, this approximation become
appropriate

E, = ﬁ cos - dy (35)
j E 3
Hy = B0 g P g, (36)
V2 wp 2
Y, By the equivalence principle, the equivalent current densitjes

and M, are obtained as follows:
. Epa 3d

& J, =it x Hy = — in"- g 37
7T X ‘1\/§wu sin =~y (37)
M, =i x By = 22 cos 207, (38)

V2 2

After far field (kr > 1) analysis, the radiated powét. from
OEF is obtained as (40)

Fig. 14. Rectangular aperture for radiation of OEF.

= kre kT . sinX sinY
where.J, = n x H Ey=j i absin ¢(E,y, + 1moH 4y cos ) X~ v
_ woPEMm (39)
Qc = —p 1
’ L+cosBd | (K. \2 singd b= //|E6|2T2 s dg
o COS | { @ sin
_ neab [d"i_lTZ"i_ e +(K) 3 } 7710 &0
B 4Rs K. \2 a sin 8z 38 20, sin 8z = //{Eg + (770|H0«90|COS 9)2}
() 0 ) (a2 4 () s (a-2np) m St
(31) sinfsin? ¢ df dgp A0 SnA sinY : d9ds (40)
4r X Y
whereR, = \Jwp/20,1n = \/11/e. where
The dielectric quality factorg, is calculated simply from )
Qf, value as follows: E,, = Eo . pd H, = Eoor . pd
Y V2 2 V2 wp 2
and
Q=L Qr=quxsonz (32) ka kb
fo X:? sin @ cos ¢ Y:?sinﬁsind).

In order to consider radiation loss from the OEF, Konishi [1-]-he radiation quality factof),

is then calculated as follows:
derivedP, and@,. by replacing the electric field of the OEF by

. P
magnetic currenfi/; Q. = wo ;M ) (41)
8 a’h? E2 . .
= — — — (33) The unloaded quality factor can also be calculated using fol-
3w 2\0 7o lowing equation:
3 d)\o
Qr —51*3_2 “ab (34) Q.= (Qc_l + Q;l + Q:l)_l. (42)
whereP. is the radiated power, ar@, is the radiation factor, ~ Using the above equations, we calculated quality factors of

\o is the free-space wavelength, apds the free-space intrinsic the resonatord x b x d = 20 x 5 x 10 (mm), &, = 38.4].

impedance. He assumed the OEF as a PMW. But this assurhpe quality factors versus the resonators lengjts plotted in

tion sometimes gives big difference between measured and ¢dg- 15. The measure@., of Type ll-(e) is also shown in the

culated@,s. In practice, the:, is not infinite (normally, less same figure. The used dielectric material is a ZST (Zr-Sn-Ta)

than 100), the tangential component of the magnetic field exig@ries ceramic witl? f value of 20000. The thickness of the

at the OEF, and some energy can be stored around outsid@ibyer coating was five to ten times the skin depth (4+8).

the OEF. This magnetic field causes an effective electric currekfte resultant conductivity of the silver coating is 60% to 70%

source/J, at the OEF and additional loss [4]’ [5] of that of the pure Ag [1], [5] We used 60% of the CondUCtiVity.
Let us consider the coordination system shown in Fig. 14s the length of the resonator is decreased, the radiation loss is

used to derive the radiation loss at the OEF of the resonat#€reased and become the dominant factor in the total unloaded

The tangential components of the electromagnetic fields at t#eality factor,Q,,.

OEF arek, andH.,,. For the simplicity of the problem, if these

fields are distributed uniformly with keeping conservation of thE-

total power, the tangential componetg andH,, are givenby  When we use a resonator in practice, coupling ports to the

(35) and (36) from (22) and (23), respectively. If the distandaput and the output are needed. Gonishi [1] has suggested

TE19s Resonator With Electrodes at Both Opposite Sides
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Fig. 18. Frequency changes according to widtlof the electrode. The used

Fig. 15. Calculated and measurédfactors of the resonaton. x b x d =  resonator: 20<5 x 10 (mm),e,. = 38.4.

20 x 5 x d (mm) ande,. = 38.4.
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Fig. 16. Electrode structure at OEFs.
| (e
il I 2 (] 1 4
L
. WL ITERG
R~ -
" Py = Fig. 19. Measured) factor versus electrode size whiern= 4.0 mm:a x b x
T d =20 x5 x10 (mm),e,. = 38.4.
B i
5 e
E e e mensions of the electrode increase, B)evalue also increase.
= _— — . . . .
] L This gives the result of a decreasing resonant frequency as in
— .
a0 = Fig. 18.
When the width of the electrodey, is about 2.0 mm, the
quality factor is maximum. However, the electrode of the OEF
o ) . . . . . .
s i o o .. isnot highly affective to the quality factor as shown in Fig. 19.

Becumcy [T

Fig. 17. Calculated3, values according to electrode sizé)(v0 meansh =

0 mm andw = 0 mm). The used resonator: 205 x 10 (mm),s,. = 38.4.
I1l. BANDPASSFILTER APPLICATIONS

metal-coated electrode on the open face of the ceramic resAs was discussed in the previous section, wiignis zero,
onator, previously. We can use the structure for these resonatpesresonant frequency is given by (14). In order to take an ex-
as in Fig. 16. The electrodes are formed on the center of befinple for this resonance, we tried to design a waveguide BPF
OEFs and the dimensions are given as heigtiténd width  with two kinds of dielectric materials. The structure is shown in
“w” in millimeter. For example/:4w1 means that the height is Fig. 20. For the resonator parts a dielectric material with relative
4 mm and the width is 1 mm. dielectric constant of 2.0 is used. The other parts, air and the ma-

In this case, the change of the loBd by the electrode should terial of relative dielectric constant of 6.0, consist the inverters
be considered. According to various electrode dimensions, th&the inverter structure of Fig. 21. The resonant frequency and
width “«" and the height f,” the calculated values are pre-the slope parameter of the resonator are calculated directly by
sented in Fig. 17, after the same analysis using HFSS. As theuliing (14) and (15).
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TABLE IV
DESIGN VALUES OF THEBPFIN FiG. 20

Filter Spec. N=4, fo=5.173GHz, BW=230MHz, ripple =0.01
Resonator Spec. 2=20mm, b=5mm, slope parameter =0.00193

A Tuning screw - -
resonator | inverter(d/2) | inverter(B,)

(b) Side view € 2.1 6.0 1.0
Ist 1i=1.6 La=3.12 =636
Fig. 20. _A crosscut of the four-pole BPF used frequency dependency of WG ond =16 lr=231 1=19.16
characteristic impedance.
Length (mm) | 3rd | L=16 Lagy=2.29 15=21.94
4th L=1.6 laas=2.31 1,=19.16
T 5th - laas=3.12 hs=6.36
Ve
[ ]
) W1
- F— o
o— ke :}.
J=X, [ tam(¢ /2 * tan '(BY 20 | Z : ,-"h'n || { .
- i ] i ; / . T
$=-tan' 2BV HBSY ) - tan (BY ) ﬁ i .J,u" . \ IJ i
1a | nd
Fig. 21. J inverter for the BPF of Fig. 32. L - / \ f \ -
v
2 [ " HH"'H.
] V A '-* — Simulabed
. I | I o - | Measared 4
m = i e = . : LA :
Y 3y | [ee]| 5 [[nee] | 3, noe | L | T, = | M1: 5.1 T3GHE ~0.1 T8 .
- T I - w4 M2: 5 2p0GHr -5 AFTA8
] = 1 = = e = I Wi 5.060GHT =25 71 398 1
i JJ T 'll'--u A L b d . = 4 i d

STAHAT 4 .50=H2 0L 1 SGHEADN S0P 6. OGHT

Fig. 22. A BPF with admittance inverters and the definitiort of Fig. 23. Frequency responses of the BPF on Table IV and in Fig. 20.

We used the general BPF design method where the invertet = Mulal or Ground
concept is used as in Fig. 21. The design equations are well [ Dicfectric maieris
known as (43)—(45) [13]

YoWb,
J()l - 7 (43)
w1g90g1 _‘1 I
W [bb;
Jijh1=— 4|2 R ey wherej = 1,2, 3, ..., n. (44)
w 9i95+1
1 19
7 L= Yn—I—IWEn (45) Fig. 24. Five-pole BPF structure using Type II-(f) resonators (not scaled).
et Wi GnGn+1

whereW s the fractional bandwidth ang is the lowpass pro- dimensions as on Table IV. The frequency dependent property

totype element value. of the Inverter [14] was also considered.

i The simulated and measured frequency responses for the
Differently from lumpedLC resonator, the center frequency, . S .
. four-pole BPF are given in Fig. 23. They agree well with the
and the slope parameter of the waveguide resonator can pe. e .
. . . design specifications such as center frequency, bandwidth,
changed by load levels, as was discussed in the previous

section. The loads of each resonator have to be involved inatréd passband ripple. The difference between measured and

: i ) o .8|mulated characteristics is mainly caused by the unwanted

the design procedure, especially, in designing a BPF of wi % s between dielectric layers of resonators and inverters

bandwidth. For this reason, an additional condition should Igep . y o )
Using Type IlI-(f) resonators, the BPF that upside is opened

icsog??;{sxjs (46). The; is the admittance shown in Fig. 22was designed as another example. The filter structure is given

in Fig. 24.
Jijo1 ) The design values and frequency response are also given in
Yy= Y1 wherej =0,1,2,....,n+1  (46) Tapevandin Fig. 28. In the Table \\“6” represents a small

decreasing of the electrode dimension after frequency tuning
With the resonator parameters calculated by equations of ppeecess. The coupling coefficient concept [13]-[16] was used in
vious sections and these design equations, we obtained the BiRF-design procedure. The bandwidth of the filter is a function
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TABLE V
DESIGN VALUES OF 4-PoLE BPFIN FIG. 24

1.00

Filter Spec.

n=5, f0=1.385GHz, BW=3%(40.2MHz), Ripple=0.01

Resonator

£=38.4, a=20mm, b=5mm, d=10mm

Index ij

01

12

23

34

45

56 il

Coupling k

0.179

0.030

0.020

0.020

0.030

0.179

D(mm)

8.8

10.6

10.6

8.8

h,w(mm)

4,5

4-8,5

4-8,5

4-5,5

4-8,5

]

1829

o |ifhid
hdwl
a— hdws

(NN

LE3
Fig. 26. Measured coupling coefficieht .
s

sl 1.000

tn (CHz ]
[
&

il . 1 ) ' i
= L = —

1.0 Lo s, . 3
V| imim | ¥ l " s il
I - -

Fig. 25. Measured, andkq; values according to width of electrode.
L L1

of inverters and slope parameters of the resonators used in the L0 adr adl L 1L

BPF. The coupling coefficientg, k;; can be defined as in (47)
and (48)

I s}

Fig. 27. Measured coupling coefficieht,. D is the coupling distance.

N
Qe \/ YE)EI goglwll
g w
Jji+1 = — — . (48)
wWiv/9595+1 .

ko = (47)

kij|

j=1--n—1 " —
’ bibj1
The coupling coefficiento; can be calculated by measuring ex-  *
ternal quality factory. or fractional bandwidthi}’, when a res- @
onator is coupled to an external circuit that has admittarce ;
The inter-resonator coupling coefficietyf; is also easily deter- al
mined by measuring fractional bandwidth or peak frequen- -
cies f; and f» under loose coupling condition of two identical
resonators, and (49) [15], [16]

_f22_f12~ w (49) : A I-,:.I_-.x I

,
k
E
N
E
|8

B+ V2
Some experimental results of the coupling coefficients are giveig. 28. Frequency responses of the five-pole BPF in Fig. 24 and on Table V.
in Figs. 25-27. The dimensionasx b x d are 20x 5 x 10 (mm)
and the relative permittivity,. is 38.4 in the figures. The elec- 1.8 mm, a four-pole BPF witlf, of 2.0 GHz, BW of 100 MHz
trode size is not so critical to the coupling coefficiépt values was designed. In order to reduce the spurious response, the short
if it is above some valueu{ = 2.0 mm), differently from res- length was chosen. The filter structure is given in Fig. 29, with
onant frequencies, as shown in Fig. 25. In Fig. 26, we can ghe design values in Table VI. The frequency response is givenin
that the inter-resonators coupling coefficiént is not sensitive Fig. 30. In Fig. 31, the highéFE;,x modes are effectively sup-
to the electrode dimensiona" and “A.” Hence, we can design pressed; onlI'E+ s, THEaos, TE39s modes appear. THEE (s
the BPF with the data in Fig. 27. The dimensibnis the dis- mode was also suppressed bele®6 dB. Because the excita-
tance between two coupled resonators as in Figs. 26 or 27. tion at the port electrode is symmetric along the dimensigh “
Using Type lI-(d) resonators with a material of relative dieledhe electromagnetic field afE»ys mode, which is odd function
tric constant,. of 94, and dimension x b x d 0f 9.5x 1.5 x  shape, is hardly to be formed.

kij|j=17,,,7n_1
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Fig. 29. Four-pole BPF structure with Type Il-(d); = 94, and dimensions

- 0

a =9.5mm,b=1.5mm, andd = 1.8 mm. (Not scaled.)

TABLE VI

DESIGN VALUES OF 4-PoLE BPFIN FIG. 29

Filter Spec. n=4, f;=2.0GHz, BW=100MHz, Ripple=0.05dB
Resonator £=94, a=9.5mm, b=1.5mm, d=1.8mm
Index ij 01 12 23 34 45
Coupling k 0.228 { 0.0448 | 0.0346 | 0.0448 | 0.228
Coupling D (mm - 29 33 2.9 -

11 BARION

| BT

o0

o PlS EFEUT

s Ll

S1i==17.17dB8

~d. Shdd

1 'l L L d 1

START 1.7

iz GOdH LY

5O 2.3EN T

DO mimi

Fig. 32. The effect of a housing; coupling coefficients and resonant
frequencies versus gap)D. The all distances from nearest case walls are all
the sameD D.

coupled by a distancé) = 5 mm. D D means the distance from

the two-pole filter to any nearest case walls as shown in Fig. 32.
DD is not sensitive from 5 mm for coupling coefficient, and
from 10 mm for resonant frequency as in Fig. 32. Type II-(d) res-
onators withe,. = 38.4, ¢ = 20.0, b = 5.0 andd = 10.0 (mm)

were used. As the resonator dimensibhi$ decreased, the ef-
fect of a housing also decreased by other experiments. This data
is useful for not only when the resonator or filter is packed but
also when it is used directly on PCB as an SMD.

IV. CONCLUSION

New rectangular-waveguide-tyfi& s dielectric resonators
were investigated. The calculated and measured resonant fre-
guencies agree well with each other, and depend strongly on the
width “a” of the WGS and loosely on the length and the height.
Hence, the dimensions of the resonator can be chosen almost
arbitrarily except the widthd.” The resonator could be also de-

signed as a planar SMD device because the resonant frequency

Fig. 30. Frequency responses of the four-pole BPF in Fig. 29 and in Table W hardly changed by a variation of the height tf the WGS.

A LAl R]

- /

v

Lu]
\I" | TEEE W B EASEar
g :

1. 1650 H
ok il

t |

\

1"\,._:'5

/

(i L ]

Fig. 31.
Table VI.

The design values are given for the four pole BPF with Type 2]
[I-(d) resonators in Table VI. The coupling D represents the

physical distance

To inspect the effect of a housing, we prepared some metaP]
cases larger than a two-pole filter in which two resonators are

BRChHz oy EIOR T G

Measured spurious response of the four-pole BPF in Fig. 29 and on

between two adjacent resonators.

The proposed BPF shows highly reduced spurious up to three
times the center frequency. Newly calculated quality factors in-
cluding radiation@ agree well with experimental results. The
effect of a housing was also discussed. This data could be also
used as a guideline of spacing from other devices when this res-
onator or filter is directly used on a system PCB without indi-
vidual housing.
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