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_ Abstract—The design and analysis of iris-coupled and dielec- sists of deriving a set of coupled integral equations for the
tric-loaded 1/8-cut TEo, -mode filters is performed using global- aperture fields at all discontinuities simultaneously. The cou-
ized local solutions of Maxwell’s equations as basis functions. It is pled-integral-equation technique (CIET) allows accurate and

found that this set of basis functions outperforms other edge-condi- fast desi q vsis of band ¢ | id
tioned basis functions. To reduce the size of the filter and increase 'St 4€SIgn and analysis ol harrow-band rectangular waveguiae

the Q factor of the resonators, dielectric rings with high dielectric ~ Structures [3].
constant are employed in the same design technique. The dimen- In this paper, we improve the efficiency of the CIET by using

sions of the resonators are determined to accurately take into ac- |ocal solutions of Maxwell's equations, which are properly

count the effect of coupling on their resonant frequencies, thereby 5)i7e4 to satisfy other boundary conditions, in the analysis
reducing the need of tuning. Numerical results are compared with

those obtained from the finite-element method (HP HFSS) and the _and design ofT'Eq,-mode iris-coupled bf_;lndpass filters_. To
mode-matching technique. Good agreement is demonstrated. improve the stopband response of the filter, 1/8-cut circular
waveguides instead of full cylindrical waveguides are used to

suppress unwanted propagating modes. Although the reduced
volume of the resonators lowers thefactor of the resonators
because of metallic losses in the conducting walls, the addition
. INTRODUCTION of high-@ dielectric rings can be used to compensate for such a

ICROWAVE filters, which have been the subject of inJeduction while allowing further size shrinking. Bandpass mi-

M tensive research efforts over the past decades, perméigvave filters using dielectric resonators in cutoff waveguides
modern communication systems whose proper performancd@/e been investigated by many researchers, e.g., [4]-[8]. The
achieved only through accurately designed components. Feesign of the filter usually starts from determining the size of
thermore, the increasing demand on frequency bandwidth tae dielectric resonator such that its resonant frequency is equal
quires filters with extremely narrow bandwidths whose precid@ the center frequency of the bandpass filter. The coupling
design is even more demanding. Waveguide resonators heogfficients between the resonators are then determined from
been, and are still, used as building blocks in microwave filtdf0 Separate analyses of the resonant frequencies of the two
implementation. Judicious coupling between the different re&eupled resonators with an electric and then a magnetic wall
onators is essential to the proper performance of the filter, espéaced between them [6]-{8]. However, such an approach
cially for narrow-band filters where the weak coupling must baeglects the shift in the resonant frequency due to the loading
determined with high accuracy to guarantee the proper perf6aused by the coupling; tuning mechanisms must then be used
mance of the designed filter. to compensate for the occurred shifts.

The mode-matching technique (MMT), e.g., [1], has been It is also possible to use the standard design technique of
used extensively in the analysis and design of waveguide cofyRveguide resonator filters to design the class of iris-coupled
ponents such as filters. Unfortunately, the MMT exhibits slo@nd dielectric-loaded resonators considered in this paper. This
convergence for narrow-band systems due to its failure @Proach was used in designiaplane dielectric waveguide
account for the singular nature of the electromagnetic fiefters [9] as well asT'Eq, -mode dielectric-loaded rectangular
at sharp metallic edges. An alternative formulation that prélters [10]. Within this framework, it is possible to determine
vides a simple mechanism includiagpriori information such accurately the coupling between the resonators while taking into

as the edge conditions was recently developed [2]. It cofccountits effect on the resonant frequencies of the resonators.
In fact, it is not even necessary to determine the resonant fre-

quency of the resonators. The designed filters are then analyzed
using HFSS to validate the results obtained from the CIET.

Index Terms—Bandpass filters, dielectric resonator filters, inte-
gral equations, waveguide filters.
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to work as expected. Although it is possible to include correc-
tions in the design, especially for broadband designs [13], we
choose the radius of the empty waveguide such that the damping
of the first evanescent mode over a guided half-wavelength of
the dominant propagating mode is less th&r®) at the center
frequency; this condition is sufficient to determine the radius of
the waveguide.

To determine the radius of the coupling irises, assuming that
their thickness is known, their scattering properties must be it-
eratively and accurately determined at the center frequency of
the filter until (1)—(4) are satisfied. An accurate design can be
achieved by using the CIET with appropriate basis functions as
shown below.

Since the derivation of the integral equations for the aper-
ture fields follows the presentation in [2], we only give the final
equations for those interested in applying the approach in de-
sign problems.

Let us assume that the exact distributionff at the two
discontinuities of Fig. 1 are given by two unknown functions
X1 (p) andX3(p). These can be determined from the following
two coupled integral equations:

Fig. 1. (top) Side view gnd (bottom) cross section of a coupling iris for 1/8-c i T~ I X{I(m) CcOos [k?md] X%I(m) Tl
TEg;-mode bandpass filters. mLm I J1 P
7 sin [kzmd] b

m=1

is well documented, it is not discussed here. Suffice it to say that Z A (
the scattering parameters of the dominant mode at the iris are it- "
eratively determined from the following equations:

) =aitts (25) ©

Lo s s and
+ 511 — O21
Xs=Im——F"—= 1 00 o o
o 1-511 4+ 85n @ Z ITy-10 X3'(m) cos [kH d] — X{'(m) J (xml )
X —ImL ) m=1 I J sin [kgnd] ' b g
P (1=Su)? -85, ol X
® = —tan~? 2AXp+ X) 3) * Z Y X Mg (Tp) =0
1-X2-2X,X, m=1
K = |tan <? +tan~Y(X )> ‘ ) (4) Here,J; is the Bessel function of the first kind of order one and
° Ly IS its root of ordenn
Here, S1; and.S,; are the scattering parameters of thEq; 1\ 2
mode at the iris computed at the center frequency of the pass- kL = kg — ( p )
band.
The target values of the invertel$ are determined from the EL = /k3 — (xml )2
low-pass prototype [12]. Once the dimensions of the coupling . b
sections are determined, the length of the resonators connected vyl — @
to it are adjusted by the phase term ™ wpo
k!
1 D+ Piyy Y= ®)
== _ 5
3 <7r + 5 ) 5) wo

dko = w+/eofto. The normalization constants, are given

wheres is the propagation constant of the dominant mode at tﬁ‘eterms of the derivative of, by

center frequency of the passband. The structure used to |mpl

ment a typical coupling section is presented in Fig. 1. It consists 1 V2

of 1/8-cut circular waveguide of radius and a circular iris of Im = = = AT (@] 9)
thickness? and inner radius. We assume that all metallic walls \// pdpJ2 (a:ml p) 1 Tm

are lossless and that only th#y; mode is incident on the iris. 0 a

Due to the symmetry of the structure, ofil¥y,, modes are ex- 1 V2

cited at the discontinuity. The determination of the radius of the (10)

AT

grn -
empty waveguide can be done such as to minimize the effect of /b pdp J2 (a:ml p)
higher order evanescent modes in order for this design technique 1\
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and The second set is obtained from the local solutions of Maxwell’s
b equations, as discussed in [14]. If we tgt denote a zero of
X(m) :g}n/ Xi(p) 1 (xml p) pdp, i=1,2 Bessel function of ordez/3, the following set of basis functions
0 a 1) are easily shown to satisfy the proper edge conditions:
b
1T N § ] Tml i . ) _B N .
Xz (m)_grn/o Xl(p)]l ( b p)pdp7 ¢ 17 2. Qn(p)—]2/3|:7n(1 b):| ’ ']2/3(771)_07 71—1, 27
(12) (21)
To determine the function¥,; and.X,, we expand themin seriesThe integrals of the basis functions as given by (11) and (12) are
of basis functions evaluated numerically following procedures similar to those in
[15].

M

Xi(p) = dBi(p)
=1
M

Xo(p) = Y d'Bi(p). (13) S _
im1 Dielectric resonators are often used to reduce the size of

. . . microwave components. In the case under consideration, we
The same basis functions are used for both functions becapdc,e

) ) L cus attention on the design of microwave bandpass filters
the geometry is the same at the two discontinuity planes. Usmgi . TR L
. . . . . using 1/8-cut high® dielectric-ring resonators. The use of
the series expansions in the two integral equations and applyin . :
L . . 2 rings allows an increase in th@ factor as compared to rod
Galerkin’s method, we get two sets of linear equations in the

- I I : . résonators [7]. Furthermore, the location of the ring and its
coefficientsc; andc;”. In matrix form, these can be written as . . L .
¢ ¢ dimensions can be used to maximize tée factor while

IIl. DESIGN OF1/8-QUT DIELECTRIC-RING RESONATOR
FILTERS

(4] [cr] + (8] [cn] =[U] achleV|r_1g a_sgbstanual size reduc_tlon.
B] [CI] + 4] [c”] (0] (14) For simplicity, the coupling sections between the resonators
[ - o consist of uniform sections of an empty below-cutoff 1/8-cut
The entries of the matricdsi] and[B] are given by wavegwdg of.the same radlps as the Ioaded region. The length
of the section is adjusted until the synthesis equations (1)—(4) are
i . . i BH(m)BH(m) satisfied. If shorter coupling sections are desired, coupling irises
_ I nl I II =4 7
[Alij = Z YmBi(m)Bj(m) + Z Yo j tan [k;r d] can be used as in the iris-couplétt,; -mode filter discussed
m=1 m=1 zm 15 above.
o - - (15) In order to determine the scattering parameters of the dom-
[B];; = — Z u Bi (m)B; (m) (16) inant slow mode at a coupling section, we need to know the
X L™ jsin [KL d] normal modes of the dielectric-loaded region.
and A. Modes of Dielectric Ring
[U]: :ZYIIB%(l). a7 We consider a dielectric ring of dielectric constant as

) ) shown in Figs. 6 and 7. Mechanical support for the high
Here, [0] is a zero column vector. Once the expansion coeffijie|ectric ring is provided by a low dielectric material { rod

cients are determined, the reflected and transmitted waves gf@adius R, the thickness of the dielectric ring B—R, and
given by the radius of the empty waveguide&s
M Since the incident mod&E,; has no angular dependence,
Sy =—1+ Z Bl(1) (18) it excites onlylE,, modes despite the presence of the dielec-
i1 tric. In particular, no complex modes are excited [16]. To de-
and termine the propagation constahbf the modes supported by
M . the structure and the corresponding field distributions, we ex-
S =Y d'Bi(1). (19) pand the axial componer_. in the three regions as follows
i=1 [cf. Fig. 7(b)]:
For this type of filters, we examine two sets of basis func-
tions, each of which includes the edge conditions. The firstset  H!(p) = AJy(k1p)
ii obtained b_y interQUc_ing awsight_ing fu_n;:ti;])n, wh(;ch in]cc:Iudt_as B2+ 32 =k2e, (22)
the proper singularity in combination with the modes of a cir-
cuIaFr) wzveguige, na?/nely, H:X(p) = BJo(k2p) + CYo(k2p)
k3 4 5% =kies (23)

J1 (@ p) and
b n=1,2 (20)
L2, H™(p) = D(Jo(ksp) Vi (ks R) — Yo(ksp)Jy (ks R))

<1 -(5) ) 1245 =k (24)
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Fig. 2. Insertion loss of Filter | versus frequency. Solid line: CIET, dashed line: HFSS, dotted—dashed line: MMT. CIET and MMT results are identical.

By matchingE,, andH., at the interfaces between the three reo use as basis functions within the CIET,; those of the dielec-
gions, we obtain a transcendental equation for the propagattan-loaded region or the empty one. The solution lies in exam-
constant. This equation along with other relevant coupling iining the field distribution of the two sets. Since the modes of the
tegrals are given in the Appendix. The propagation constamfiglectric-loaded region are more localized, or concentrated, in
of the propagating and evanescent modes are to be determitiechigh dielectric region over the cross section, a large number
from this equation using any of the standard root-finding algef modes in the empty region are needed to reproduce them.
rithms. Once the roots of the transcendental equation are Jois, therefore, more efficient to take the modes of the dielec-
cated, the expansion coefficients B, C, and D are deter- tric-loaded regions as basis functions.
mined, thereby specifying the field distribution of the mode.  \jith this choice of basis functions, the orthogonality of the
modes can be fruitfully used to simplify the expressions of the
B. Scattering Parameters of Coupling Sections entries of the matrices in (15) and (16).
Once all the coupling sections and lengths of the resonators
The next step in the design of the filter consists in accire determined, the analysis of an assembled filter is carried out
rately determining the scattering parameters of the dominaytusing all basis functions at all discontinuities simultaneously.
slow mode at the coupling section, which consists of a parhis procedure of the CIET is described in [2] and need not be
tion of below-cutoff waveguide of lengtti (Fig. 7). The for- repeated here.
mulation is the same as in the case of the iris-coupled case dis-
cussed above, except for the expressions of the coupling inte-
grals, which are now frequency dependent due to the presence IV. NUMERICAL RESULTS

of the d|electr|c—loa_1ded reg"?”s- _ _ A number of filters of varied characteristics were designed
From our numerical experiments, taking the modes of the qjsijng the framework described here; illustrative cases are now

electric-loaded region as basis functions is sufficient as long Besented.

the dielectric constant is not too large, less than, say, 100; mosig yalidate the approach and the programs, we first analyzed

dielectric materials in use fall within this range. a TE,; filter, referred to as Filter |, whose dimensions were
It may be worth mentioning that the standard rules of thunfiublished in [17]. The filter consists of four irises of thickness

used to circumvent the phenomenon of relative convergencegin= 0.2 mm and inner radib; = b, = 3.888 mm andb, =

the MMT fail in this case since the two regions, i.e., the diele¢; = 6.718 mm. The separations between the irisesaye=

trically loaded and the empty 1/8-cut waveguide, have the sathg = 10.907 mm, L, = 11.142 mm, and the radius of the

cross section. Within the CIET, the modes of the different rempty waveguide ia = 16.269 mm.

gions appear only in computing the inner products and, there-To our surprise, our CIET and MMT results, which are shown

fore, the phenomenon of relative convergence is eliminated al-Fig. 2, differ significantly from those in this reference (see

together. However, it is still not obvious which set of modefl7, Fig. 8(a)]) where a minimum in-band return loss of 20 dB
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Fig. 4. Return loss of filter 1 fodl = 1,4, and6 P basis functions.

is reported. The solid line is the CIET calculation with six basigined from HFSS and the two other methods is attributed to the
functions and 100 terms in the sums involved in computing thiact that, for this extremely narrow-band filter, HFSS memory
matrix elements. The dashed-dotted line, which coincides withquirement exceeds the 800 MB we have available.
the solid line, is obtained from the MTT using 100 modes. The convergence of the CIET for the two sets of basis func-
The filter was then simulated using the commercial softwat®ns given by (20) and (21) was also investigated. Figs. 3 and 4
package HFSS; the obtained results, shown as the dashed firesent the results obtained with the two different sets of basis
in Fig. 2, show good agreement with those obtained from tlenctions. Both set€),, (Fig. 3) andP,, (Fig. 4) converge with
CIET and MMT. The slight difference between the results olabout six basis functions when 100 modes are used to compute
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Fig. 5. Insertion and return loss of Filter Il versus frequency. Solid line: CIET with ten basis functions, dashed line: MMT using 150 modes.

the entries of matrices. Obviously, the gt in Fig. 3 shows  To avoid the complications introduced by the feeding connec-
slightly better convergence than the g&t of Fig. 4. We at- tions, which are eventually adjusted experimentally, we simply
tribute this to the fact tha®},, are derived from local solutions connected the first and last resonators to a long dielectric-loaded
to Maxwell's equations. It is worth noting that the solid line irvaveguide of the same cross section as the resonators. The filter
Fig. 3 (i.e., set),, with six basis functions) agrees with the solids thus fed by the dominant slow mode corresponding to the res-
line of Fig. 3 (regular mode matching with 100 modes) to withionantTEg; s of a resonator of finite length. The coupling gaps
the plotting accuracy. The sé}, requires one more basis func-at the input and output are determined from the specifications of
tion (seven, Fig. 4) to achieve the same accuracy. The advantdgxfilter. Actual feed networks can be designed using microstrip
of the set?,, over P, is even better, which is shown by the redoops [4] or aperture-coupled rectangular waveguides [7].

sults obtained from only one basis function of each set (comparéOnce the cross section of the resonators is fixed by maximizing
curvesM = 1in Figs. 3 and 4). its @ factor, i.e., the program determines the length of the five

Having established the validity of the CIET programs, aoupling sections as well as the four resonatorg as 13.762
filter with similar specifications was then designed using them,d, = 18.124 mm,d; = 35.201 mm,d, = 17.126, and
approach described in this paper and analyzed using the ClT= 41.842 mm. The effect of the coupling on the resonant fre-
and MMT. This filter is referred to as Filter 1. The thicknessjuency of the resonators is thus fully taken into account. Typical
of the coupling irises is maintained at 0.2 m2d; = 12.091 filters designed along these lines were presented in[18].

mm, 2b, = 6.827 mm, and the radius of the empty wave- The designed filter is shown in Figs. 6 and 7. Its insertion and
guide is 12.274 mm. The lengths of the three resonators aeturnlosses versus frequency are shown in Fig. 8. The solid line
l1 = I3 = 15959 mm andl; = 16.297 mm. Fig. 5 shows that is obtained from a CIET analysis with eight basis functions and
all the original specifications are met and that the two metho@6 termsinthe sums. More basis functions were used and yielded
yield comparable results. The design of the filter was carriexkgligible differences. The dashed line, obtained from HFSS, is
out using ten basis functions and 150 terms in the sums; sucim good agreement with the CIET calculations. The differences
large number is required given the bandwidth of the filter. THer small values of the reflection coefficient in the passband are
dimensions given by the design program were rounded off attributed to the prescribed relative accuracy inthe HFSS calcula-
within 1 zm. The assembled filter was then analyzed using tion, which was set to 0.4%. Higher accuracy would require finer
to 20 basis functions and 200 terms in the sums. discretization meshes and, consequently, more memory.

To further test the approach, a fourth-order dielectric-res- The errorin the obtained center frequency from both methods,
onator filter was designed and analyzed using both the CIES determined from the analysis of the designed filter, is less
and HFSS. The desired minimum return loss in the passbahdn 0.1%, but the obtained bandwidth is about 0.5% larger than
extending from 2.2 to 2.3 GHz is 25 dB. specified.

The cross section of the dielectric-loaded resonators haslo illustrate the size reduction that can be achieved by using
Ry, = 38.675 mm, R, = 41.651 mm, By = 59.501 mm, the dielectric resonators, we designed and analyzed a four-
€1 = 1.03, andey; = 23. resonator iris-coupled 1/8-cUtEq; -mode filter with the same
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Fig. 6. Designed dielectric-resonator filter.
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Fig. 7. (a) Side view and (b) cross section of designed dielectric-resonator filter.

specifications. Despite the small thickness of the couplirgpupling sections in the dielectric-loaded filter were replaced by
irises, the introduction of the dielectric resonators reduces tbeupling irises of the same thickness as in1ti&; -mode filter,
volume of the filter by a factor of about three. If the below-cutofthe volume would be reduced by a factor of nine instead of three;
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Fig. 8. Insertion and return loss (in decibels) of the designed dielectric-loaded resonator filter. Solid line: CIET using eight basis fursttehbneafinite
element (HFSS).

this ratio can be increased further by using dielectrics of highehere
dielectric constant. In this comparison, the volumes of the input
and output dielectrig sections are not incl_uded since they are gﬂt =k Jo(k1 R0y (ko Ry ) — ko Jo (ks R )T (ko Ry )
presentin an actual implementation, as discussed above.

An attempt to accurately determine the effect of metallft:2 =k1Jo(ky By)Yi (ke By) = ka1 (ki Ba) Yo (ko B )
losses on the performance of the filter using HFSS was madsy, =kz2Jo(k2Rz2) [J1(ksR2)Y1(ksR)—J1 (k3 R)Y1(k3Ry)]
but the amount of computer memory available on our com- —ks.Jy (ko Ry) [.]o(kgRg)Yl(kgR)—.]1(k3R)Y0(k3R2)]

puters is not sufficient for such a calculation. If we assume an _, - Y, B Y,
unloaded? of 2000, the in-band insertion loss can be estimatéd’ FaYo(kaRy) [Jl(k?’RQ) 1(ksB) = J1 (ks R) 1(k3R2)]

to be of the order of 0.7 dB for this filter [11]. —ksY1(kaRe) [Jo(ksRo)Y1(ksR)— J1 (ks R)Yo(ks Ra)].

V. CONCLUSIONS To avoid complex arithmetic, which would otherwise result

whenk; or k3 are imaginary, it is preferable to use modified

I_\(/jl;crowavg b_andzassdfllters ut5||ng 1/?'(:”; Cm.:u'arl"\éavl_el:'ie sel functiondy, Iy, Ko, K1 directly in the field expansions
?u' Ies ?rte_ e5|?r'\1/|e an”,accurat_ey an?hyZ&El-JrSIBg g;) alZ5? treat the different cases separately. The normalization of
ocal solutions of Viaxwell's equations In the LI 1. DIEC-CoUg, o \,q4eg in the dielectric-loaded region involves integrals of
pled 1/8-cut d|elegtr|c-resonator filters using highdielectric r%ducts of combinations of Bessel and Neumann functions.
rings are also de3|gr_1ed and _analyzed using the same appro%FOS.t of these integrals are given in [19], those not listed there
Effects of the coupling sections on the resonant frequencies .

: . . —are as follows:
of the resonators are systematically included in the design.
Numerical results using the CIET agree well with those of the

standard MMT and the commercial software package HFSS.

/ ol (az) K (az) dz

1
APPENDIX =5 [az (Io(az)K1(ax) — I, (ax)Ko(ax))
a
Here, the transcendental equation for the propagation con-
stant3 of a dielectric ring, as well as some coupling integrals,
which we could not find in standard tables are presented. Only oy (az)Yi(az) d
modes with no angular dependence are considered. The sepa- ! !

ration constants, k2, andks are related tg@ by (10)—(13),J 1
andY are Bessel and Neumann functions ~ T [x(‘]o(ax)yl(ax) + Ji(ax)Yo(az))

aiaz — a12a21 =0 — az® (Ji(az)Y1(az) + JO(WU)YO(WU))]

+ ar? (]l(aa:)Kl(aa:) - IO(ax)KO(ax))}
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