1240 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 8, AUGUST 1997

Dual-Mode Conductor-Loaded Cavity Filtérs

Chi Wang, Kawthar A. ZakiFellow, IEEE,and Ali E. Atia, Fellow, IEEE

Abstract—A new class of dual-mode filters consisting of Az .
cylindrical-waveguide cavities loaded with perfect conducting o T
cylindrical disks is presented. Resonant frequencies, fields, and : ; o P
the unloaded @ of the resonator are rigorously analyzed by i | ; i
mode-matching techniques. A complete set of data for filter / ZZE— -
design is given. The results show that the resonator has high 1 ]
unloaded @ and good spurious performance. The accuracy A % 5 ! |
of the computed results are confirmed by comparison with ; ; R o L ,v,,r
the experimental data. An eight-pole elliptic-function filter i
for PCS applications was designed, constructed, and tested;
excellent frequency response of the filter with wide spurious-free
performance was obtained, which verifies the theory.
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I. INTRODUCTION

UAL-MODE filters have many advantages in applica-1
tions requiring small size and mass for high-quality nar-;

row or medium bandwidth filters, because of their lower loss, < - 2, —»| \ Coelop e
small volume, and elliptic-function response. Since their intro-<«— - 2r, -— —» | e 20—
duction in the early 1970’s [1], they have been widely used in .~
satellite communications as well as other areas. Tremendous @ (®)

progress has been achieved on further miniaturization of thie. 1. Configuration of the cylindrical conductor-loaded resonator. (a) Solid
dual-mode filters in the past two decades. The use of dielectﬁepductor-loaded resonator and (b) ring conductor-loaded resonator.
loaded resonators greatly improves the in-band performance,
size, and thermal stability of the dual-mode filters [2]-[8]. HEi1 mode will have much higher unloadegi and easier re-
Although dual-mode dielectric-loaded resonator filters haization of elliptic-function response than that of the metallic-
many advantages, one of their major disadvantages is theirfifilg resonator in a cavity operating in quasi-TEM mode.
ferior out-of-band spurious characteristics. Dielectric resonator!n this paper, a new class of dual-mode filters consisting of
filters usually need an additional low-pass filter, which wil¢ylindrical-waveguide cavities loaded with perfect conducting
increase the insertion loss and complexity of the filter [5EYlindrical (solid or ring) resonators is introduced. Rigorous
Significant effort has been spent on improving the spuriofi@ode-matching techniques are used to analyze and synthesize
performance of dielectric-loaded resonator filters, especiaffye new type of resonators. Resonant frequencies and field
dual-mode filters [6], [10], [11]. distributions of the resonant modes in the cavities are obtained.
While dielectric materials of excellent characteristics havEhe unloaded; of the resonant mode is analytically computed
been developed with relative dielectric constant in the ran§f®m the eigenfunctions and field coefficients in each region.
of 20-38, higher dielectric-constant materials tend to haJéde calculated resonant frequencies are compared with the
poorer properties (high losses, less temperature stability, etBlgasured results and shown to be in good agreement, which
Higher dielectric constants are desirable to reduce the sizec@ffirms the correctness and accuracy of the numerical results.
the filters. If one thinks of increasing the relative dielectridhe computer simulation shows that the hiEmode of the
constant of the dielectric resonator to approach infiity— conductor-loaded resonator has high unloadednd much
o), the resonator approaches a perfect conductor. Thusbétter spurious performance than a dielectric-loaded resonator.
the dielectric resonator in a dual-mode filter is replaced #yjode charts and) charts provide a complete set of data for
a perfect electric conductor, significant miniaturization can Bge filter design.
achieved, and high-quality filters can be realized. Additionally, An  eight-pole elliptic-function  filter for personal-
in applications of using superconductors, filters with extremefpmmunication system (PCS) applications was designed,

low insertion loss can be achieved. The resonator operatingCRnstructed, and tested. Excellent frequency response with
low insertion loss and superior spurious-free performance

Manuscript received January 14, 1997; revised April 25, 1997. was obtained.
C. Wang and K. A. Zaki are with the Department of Electrical Engineering,

University of Maryland, College Park, MD 20742 USA. Il. ANALYSIS
A. E. Atia is with CTA Inc., Rockville, MD 20852 USA. . . . .
Publisher Item Identifier S 0018-9480(97)05380-5. The configurations of the resonators under consideration
1patent assigned to the University of Maryland. are shown in Fig. 1. The resonator consists of a cylindrical

0018-9480/97$10.001 1997 IEEE



WANG et al. DUAL-MODE CONDUCTOR-LOADED CAVITY FILTERS 1241

conducting disk with radius, and thicknesst, coaxially electric and magnetic fields to be continuougpat r4, i.e.,
surrounded by a cylindrical enclosure of radius and to- Etfv(p =71, ¢, 2)
tgl haghtbhl. F|g.h1(q) shows the solld—ty'pfe]: rehsolnat?r, zhd E{I(p — 1, &, 2), 0< 2 < by
Fig. 1(b) shows the nng-t.ype resonator with a hole of radius =30, by <2< by+1t (32)
r1 at the cen_ter of the disk. _ _ ENl(p=r, ¢, 2), by+1<2<b

The analysis of the structures is performed using the mode- HIV( " 6 2)
matching techniques, in which the structures are partitioned pP=T ¢ 2
i i i i i i inu- H{I(p:717¢7z)7 OSZSbQ
into several regions in accordance with the spatial discontinu I st
ity boundaries, as shown in Fig. 1. The solid-type resonator - ﬁlﬁn’ o 22 5;5 b2<+bt'
can be considered as a special case of the ring type. The i p=11, ¢ 2), 2ttsz23h -
transverse electromagnetic (EM) fields in each region are (3b)
expressed as linear combinations of the eigenmode fieldsB¥staking the proper inner products, and using the orthogonal
[9] properties of the eigenfunctions, one has

[<é»IV7 }_L’IV>] [BIV [CIV]

_ [<é»II-|—III7 hIV >]

e
e e e e —CII T —DII T
p, ¢, 2) Z{Cp BgEJ )+D§') B%Ej(p)} x {[ngnl] cliI + [BIDIEIH] Dl } (4a)
% Ctj (p7 ¢, V) > [<é»II-|—III7 }_L’IV>]T [BIV [CIV]
N]’; — [ é»II-l—III7 hII+III>]
h oph h oph Kol [ DI ]
—i—Z{Cf B i (p) + DYV By (p)} % {[ng*{nl] CCHI - [BE] DDIII } (4b)
J i L i
x &' (p, &, 2) (la) Wwith
e
Lo, ¢, 2) Z{CPGB%J p) + Dy By (o)} (@, k) = /S en X pdgdz. (5)
X hfj (b, ¢, 2) After some matrix manipulations, a matrix relating the field
Ny coefficientsDf to Cf of regionII and 11 can be obtained
h oph h h
—i—Z{Cf’ BZHJ( )+DP B%HJ( )} DI P oI 6
J Dl = CcD ] cir |- (6)
7 ph
x hij (o, &, 2) (1b) [T25H1H1] has dimensionsVas x Noz, Nog = N§; + NJy +
e — k2l — g4 =, 11, 111, or IV, N§pp+ Ny Al the elements of 725H] are zero for the
J T J £
g=e¢, h (1c) solid-type resonator.

Similarly, by applying the boundary condition at= rs,
taking the inner product, and substitutifg“ "] into the

where £;° represent the wavenumbers of the TE and TMyninyity equation, a matrix relating the field coefficients of

modes in the corresponding region, respectivsfﬁﬂ; are first- region I can be obtained as follows:
and second-kind Bessel functiods, Y;,, or associated Bessel 10 I
functions.,, K, and their derivatives depending on the value [Mc][C7]+ [Mp] [D7] = 0. (7)

of gm eld, h¥? are the transverse eigenfields of TE mod@4&] and [M[)] are matrices of sizeV, x Ny, where N, =

’ et ’ Y
(= h) orJTM mode ¢ = ¢) of two parallel-plane wavegwdesNI + N7 is the total number of eigenmodes used in region

From the boundary condition of the eigenmodes in the
bounded in thez-direction, and are given in the Appendix,
P DP are the field coefficients in each reqiah?® — 0 resonator atp = r3, the characteristic gquatlon for t_he
2 A Tq glaty; _Iq resonant frequency of the resonator can finally be obtained.
in the region where = 0 is included.D;" is related toC;*  The determinant of the equation must be zero for nontrivial

by solutions
Ie det [X]N1><N1 =0 (8&)
ple = - 2678 e 2 X] = [ML] + M) [T 8b
P T Y () (2a) [X]=[Mc]+ [Mp][Tep)- (8b)
7 JI}“ Solving the equation will give the resonant-frequency and
Dt = _ n(8;7s) cIk, (2b) field-expansion coefficients in regioh while the field co-
’ Yii( thz) ! efficients in the other regions are obtained from the boundary-

condition equation. The fields of the resonant mode in each
For the ring-type resonator, the boundary conditions at thegion are readily computed by the superposition of the
interface of regionsl!, 111, and IV require the tangential eigenmodes fields.
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A-A TABLE |
COMPARISON OF THECOMPUTED AND MEASURED RESONANT
FREQUENCIES (GHz) oF A CONDUCTORL OADED
RESONATOR WITHD; = 1.9, r3 = 1.6/, t = 0.222"
g SOLID RING
E r1 =0, r2 =1.201” r1 = 0.9, ra = 1.051”
3 Mode | Computed | Measured | Computed | Measured
HE,, 1.940 1.936 1.883 1.879
T Mo 2.733 2.721 2.793 2.781
HEj, 3.322 3.317 3.507 3.501
T My 3.668 3.657 4.133 4.117
HE;» 4.378 4.355 4.277 4.262
0 02 pfi-“r 2-6 08 HEs, 4.674 7,665 4,989 2,978
5 T T ax HE|3 5.060 5.037 4.395 4.373
B-B 1.5 L L LS AL ) B L A R R B S B R

B e N e R E R

0 02 04 06 08
Ht, r/r

max H.,Z/Znx=0.8 0.5 -

(b) r
Fig. 2. Typical HE1-mode field distributions of the conductor-loaded res- [
onator. (a) Electric-field distribution and (b) magnetic-field distribution. r

L v |
The unloaded? of the resonator is determined by com- 0—— ole' — O‘B‘ — *1 bt 1‘2 R 1‘4 Lt

puting the stored energy and the conductor loss of both inner ’ ’
conductor and enclosure as by/D,

Qo =w, % (ga) Fig. 3. Mode chart of the conductor-loaded resonator WithD- as vari-

P, able.
Wo =1 HP?d
072 A Hol HI" dv are taken as the ratio of the region’s height to regits

Ne, NE height, times the number of modes in regibnA comparison
zluo / Z Z |H§’€'+H§’h|2 dv (9b) of the calculated resonant frequencies of both solid- and
2 v ; ring-type resonators with the measured results is shown in
1/ Table I. Good agreement between numerical and experimental
P, = 5 jlé R,|H¢|? ds results confirms the correctness and accuracy of the computer
o programs. Fig. 2 shows the typical electric- and magnetic-
1 . h field distributions of the HEE mode of the conductor-loaded
5 jéz R, Z |Hfj + H{)J [* | ds. () resonator in the—z andr—p planes. The electric and magnetic
P J fields of the HE; mode are orthogonal to each other, and
Where H is the magnetic field in the cavityH; is the they are very similar to the fields of the dielectric-loaded
tangential magnetic field at the surface of the conductogsonator. A degenerate HEmode exists, possessing the
and Rs is the surface resistance of the conductor. Sinsame resonant frequency, but with its field distributions rotated
the magnetic fields are expressed in terms of the linday 9C° relative to the first mode. The field distributions show
superposition of the mode fields, all the integrations in thbe realizability of the dual-mode filter. The continuity of the
equations can be carried out analytically. Using the orthogoriallds at the boundary of each region and their behavior on
properties of the eigenmodes, the unloadedf the resonator the conducting surface, once again, proves the correctness of
can be computed efficiently. the results.
The mode charts have been computed to aid in the res-
onator design. Fig. 3 shows the dependence of the resonant
Computer programs have been developed to perform thiequencies on the height of the enclosure. It is shown that the
analysis described above. Converging results can be obtainesbnant frequencies of the bl TMg,, and HE 3 modes are
when the number of TE and TM eigenmodes is larger thayuite sensitive to the height, while the resonant frequencies of
12 in regioni. The number of modes used in other regiondE;;, TMy;, and HE- are relatively stable. The mode chart

I1l. RESULTS



WANG et al. DUAL-MODE CONDUCTOR-LOADED CAVITY FILTERS 1243

st T——T—"7——T— 7 " T L A R B B
I 0.15 |- -
1F | a
N
= L J L |
< i
“ L
R 4
Q © s
~— r - <
0.5 | 4 o o1f -
o
L _ o |
ol v v ey ey L
1 1.2 1.4 1.6 1.8 2
0.05 |- -
D3/D,
Fig. 4. Mode chart of the conductor-loaded resonator with/ D, as I PR DV T S S
variable. 0.8 0.8 1 1.2 1.4
b,/D,
w77 7
| ) Fig. 6. Normalized unloade@ of the resonator versus tle/D>.
L Dy/Dpo=16 b
1 _ -
- b;/D,=1.0 . —— T
r t/Dy,=0.1 ] L _
o8  HE i ] | —— t/D,=0.1 D,/D,=0 ]
AV [ ——— e ey e =
- . | o15L - t/D,=02 R
(\< 0.6 - HE,, a b b;/D,=1.0 1
N L
S L Moo e i 1
0.4 | IioTTTTmmmmmnTeemvARIIIIT B r J
L . - :
- HE 5, 1 2
I My, ] T et .
[0 0= i - [Z=) |
- (Y 4
i HE 44 { © r .
0 S S S S T U R SRR S SRS T S RO S ST R AR ] o N
0 0.2 0.4 0.8 0.8 1
D,/D, 0.05 |- |
L 4
Fig. 5. The effect of the hole on the resonant frequency of the ring-type
resonator. r ]
with the diameter of the enclosure as variable is presented in - . . . + . . . ., ,  , , 4, .,

Fig. 4. All the modes move closer to the IHEmode as the 1 1.2 1.4 18 1.8 2
diameter of the enclosure increases, and the mode separation
becomes worse. The two mode charts indicate an important
property of the resonator, i.e., the resonant frequency of tfig. 7. Normalized unloade@ of the resonator versus thgs/D.
HE;; mode is nearly independent of the dimension of the
enclosure when the space between the inner conductor ahdws the normalized unloadéd of the resonators of both
the enclosure is large enough. If the inner conductor is masialid and ring types versus the diameter of the enclosure. Fig. 6
of temperature-constant material, the resonator will have vandicates that thicker inner conductor yields less unloaded
good temperature stability. (), and Fig. 7 shows that larger hole also reduces unloaded
Fig. 5 shows how the resonant frequencies of the rin@. Both figures show that the unloadé&g of the resonator
resonator vary versus the diameter of the hole. It is clear thatvery sensitive to the space between the inner conductor
the resonant frequencies of the resonator are very insensitrel the enclosure. Large losses result if top, bottom, or
to the hole when the hole is not very large. sidewall of the enclosure are close to the inner conductor.
Fig. 6 presents the computed normalized unloadedf When b,/D, > 1.0, D3/D, > 1.6, the unloaded®
the conductor-loaded resonator having different thickness aff the resonator tends to be insensitive to the size of the
the inner conductor versus the height of the enclosure. Figefclosure.

D,/D,
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Fig. 9. Theoretical frequency responses of the eight-pole filter.
IV. FILTER REALIZATION
From the previous analysis, it is shown that the thicknesss, log MAG So1 log MAG
of the inner conductor should be kept small and the enclosurerer .o d8 REF 2.0 dB
. . A 5.0 dB/ L s.0 4B/
should be large enough to achieve high unloadedOn the 1 -39.203 dB -2.8108 dB

other hand, too large an enclosure will decrease the mo%feﬂ \/ \

separation. The unloade@ of the resonator is determinedc MARKER
from the loss requirement of the filter. The dimensions of 1.857% OHz
the resonator can be determined from the mode charts. 'I;ha
coupling matrix of the filter can be obtained from the given
specifications by a synthesis procedure [1], and the iris di- ” “
mensions are synthesized using small aperture-coupling theor

[12]-[14]. I \
An eight-pole elliptic-function filter for PCS base-station ] \ f / ,\/J \
application with center frequency of 1.8575 GHz, and band- |
width of 15.5 MHz was designed, constructed, and tested. The i~ \/ / \\ / , \/ V
input/output (1/0O) resistances and coupling matrix elements oﬁ/ \ F ‘ 4 % /

<

the filter are Ry = Ry, = 1.2101, Mi» = Mg = 0.8153, f

My = Mg; = 0.8465, May = Mzs = 04292, My; = | v
0.5408, My, = Mss = —0.4119, Mag = —0.0109. The !
dimension of the designed cavity 1§ = 1.6”, b, = 1.9”
with theoretical unloaded; of 9500 (silver-plated). Fig. 8 CENTER 1.857500000 GHz

shows the configuration of the eight-pole filter. Tuning screws SPAN 0030000000 Crz

oriented at © and 90 to the normal field polarization in Fig. 10. Measured frequency responses of the eight-pole dual-mode ellip-
each cavity are used for fine tuning the resonant frequencytigfunction filter.

the resonators. A coupling screw oriented® 46 the normal

field polarization is used to couple the dual degenerate modgem copper, the theoretical unloadédvould be about 30 000
Couplings between resonators of different cavities are achiev@st the corresponding midband insertion loss would be about
by irises. The inner conductors are supported by the lagyi4 dB at 77 K.
dielectric constant dielectric clips at the side of the conductorsFig. 11 gives the wide-band frequency response of the eight-
as shown in Fig. 8. The theoretical frequency response of thele filter. It is seen that the TM mode response is not
filter is shown in Fig. 9. excited. The first higher order mode spurious response occurs
Fig. 10 shows the measured frequency responses of thedil-3.59 GHz, which is approximately twice the filter's center
ter. The insertion loss is 0.81 dB, which corresponds to averdgequency. This is a much larger separation of the spurious
unloadedq} of about 6000. If the center metallic loading diskrequency than can be achieved by empty waveguide cavities
is made from a superconductor, and the outer cylinder is maatedielectric-loaded resonators.

/
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S log MAG . _ n(|£p€|p)7 5,7»)62 >0
gEF ?é%dzw B%Ej(p) = { (|ép€|p) Sjpez <0 (A3)
—30.908 dB
" Yo, & 20
7 BYi(p) = { = (A%)
MARKER 2 | ] fvﬂ o K&, @ <0
R [ R 11 O L B
‘ | cH (e, &’ <o
L Ta (1€ ), & >0
Bp} i = J T, A6
/ Cuslr) {Inqsf’wp), gt <o B9
/ / . Y7 (1€5p), &’ >0
Bl (p) = I A7
H J f DHJ(p) {K (|£pe|p) Sfe <0 ( )
l p}L 7,’h2 >0
‘ RO (S} g > A8
| | Biri (o) {Kn iy o O
|'I' e T

B. Expressions for the Eigenfunctiafj’ and ﬁ{’;f
START 1.500000000 GH=z

sSTOP 5.0000000002 GHz
Fig. 11. Wide-band frequency response of the eight-pole dual-mode ellip- —»pe( ¢ )
tic-function filter. 2
. [sin (ng) » 1 nf cos(ng)
7{COS( @) } cos (K5°2)=¢ gre’ p | —sin (ne)
V. CONCLUSIONS J

J
The introduction of a conductor resonator-loaded cylin- x K sin (k°2") (A9)
drical enclosure using the hybrid HE dual mode for 8£}L(p7 ¢, 2)
the realization of high-quality filters has been presented. .1
Rigorous mode-matching techniques are used to analyze = ¢ —;z{cos(n¢)—sin(né)}
and synthesize the new type of resonators. The accuracy J
of the computed results are confirmed by experiment. A X sin(/cfhz’) (A10)
complete set of mode charts ang data are provided jwp ﬁpg(p ¢, 2)
for filter design. An eight-pole elliptic-function filter for ot 2’ T
PCS applications is designed, constructed, and tested, with _ j ﬁ{sm (ne) } x cos (k%) (A11)
excellent frequency responses. The spurious performance g"fez cos (ng) /
of the filter is superior to both empty and dielectric- iw ﬁph( ¢, )
loaded cavity filters. The conductor-loaded dual-mode filtgr” o't \Pr 90 2

is an excellent candidate for superconductor realization in cos (ne) sin (K"2') = & L n [sin(ng)
— sin (n¢) 7 ¢t p | cos (ng)
J

wireless PCS base stations, as well as other applications.

The new filter configuration has potential for excellent % EP" cos (kp}LZ/) (A12)
performance and lower production cost than alternative A J

realizations.

>

<

JT
qu:d—p, p=1,11 111 orlV;q=e,h (Al3)
) o APPENDIX _ whered,, is the height of regiom, 2’ = z — b, — t for region
This appendix gives the expressions for the funct®p) 177, and 2/ = z for the rest of the regions, and is the
and the transverse eigenfields of two parallel-plane waveguidgsmuthal variation of the desired mode.

P4 P(I
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