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An Original Approach to the Design of
Bandpass Cavity Filters with Multiple Couplings

Giuseppe Macchiarella

_ Abstract—A novel approach to the design of general cavity requires a separate modeling of both of the cavities (through
filters with each cavity coupled to an arbitrary number of equivalent resonators) and the coupling structures (generally

other cavities is presented. This approach is based on a suitable ,,, eang of impedance or admittance inverters); moreover,
characterization of the filter structure which does not require

to model separately the cavities (resonators) and the coupling 't IS Necessary that the equivalent parameters of the coupling
elements. Suitably defined equivalent admittances are associatedstructures and resonators are independent of each others. There
with each cavity allowing to design the filter structure once the are, however, some cases (depending on the specific filter
Bfggg{‘ﬁgig; ?hse“g;?t'ﬁ;g;’;"g?iig;ogog’gfoi‘;%g"ﬁt“h? Zgueifr‘;gﬁgt structure considered) in which either the separate modeling of
passband response is also presented which allows to arbitrarily th_e coupling structures a_nd the resoqators C.annOt be performed
prescribe transmission zeros placed in the complex plane (evenWith accuracy or there is a strong interaction between these
asymmetrically). The described design approach is particularly elements (the first situation happens, for instance, with closed
convenient when the filter structure does not allow a simple metal cavities coupled by means of slots in the common walls;
modeling of the resonators and coupling elements separately. This e gecond one is typical of coupled-line filters). In the case of
is the case of slot-coupled cavity filters and of filter structures Lo . . .
based on arrays of coupled transmission lines. It is also shown Slot-coupled cavities it is usual to design the filter according
that the simplified design approach often adopted in the past, to the following simplified approach [4], [10], [11]:

where only two coupled cavities at a time are considered, can 1) coupling coefficients evaluated with one of the aforesaid
produce large errors even in the case of filters with all attenuation

poles at infinity (i.e., two couplings per cavity). met_h.ods; . ) . .
. _ ] . 2) cavities dimensioned with all the couplings removed,;
Index Terms—Bandpass filters, cavity resonator filters, mi- 3) geometrical dimensions of the coupling structures de-

filters. . N . . .
crowave Hers termined by considering a single coupling at a time

(i.e., two cavities coupled through the coupling structure
|. INTRODUCTION considered, discarding all the couplings with the other

HE DESIGN of direct coupled bandpass cavity mi- cavities).
crowave filters is a matter widely investigated in the It can then be observed that although this approach allows
literature. The basic approach proposed in the pioneeritite use of highly accurate field-based numerical methods
works of [1]-[3] (mainly in the area of waveguide filters)(i.e., mode matching, finite elements, integral equations, etc.)
is still adopted for the practical realization of several filtefor evaluating the geometrical dimensions of the coupling
structures. Originally most of the works discussed the desigtructures there is an intrinsic inaccuracy due to discarding for
of filters with all attenuation poles at infinity, but in theeach cavity pair all of the couplings but one. This inaccuracy
following years several authors have investigated possildencerns the dimensioning of both the coupling elements and
design approaches for microwave filters also with transmissitite cavities; however, the small errors in the tuning frequency
zeros at finite frequencies. In particular, [4]-[6] proposed thsf the cavities can be easily compensated during the filter
use of multiple-coupled cavity configuration for realizing suchlignment, while those on the coupling structures require long
zeros; these works, however, are mainly concerned with thed expensive cut-and-try experimental adjustments for the
network synthesis problem (i.e., the evaluation of the couplingoper filter operation.
coefficients between the cavities in order to obtain the desiredn this paper, a general approach for designing multiple-
transmission characteristic). More recently, other works ha¥gupled cauvity filters is presented, which overcomes the afore-
investigated the synthesis of general low-pass prototypes Wifid drawbacks; this approach, applicable to a large class of
transmission zeros suitable for direct-coupled cavity desigpecific filter structures, is based on the introduction of suitable
[7]-[9]. equivalent cavities which include the effect of the coupling el-
Itis important to observe that once the coupling coefficienfsnents. The unknown geometrical dimensions of the coupling
required between the cavities have been evaluated with afigctures for a given set of the coupling coefficients values
of the above methods the design of a filter following thg e evaluated by solving a nonlinear system with an efficient
original Cohn’s approach (with or without transmission Zerogy;merical method. A novel method is also presented for eval-

uating the coupling coefficients when transmission zeros are
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Fig. 1. General configuration of multicoupled cavity filters. Each cavity can have an arbitrary number of couplings with other cavities (repnesented i
the figure by the coupling coefficients,, ).

Fig. 2. Equivalent circuit of the general filter configuration in Fig. 1. Nodes Electric or Magnetic Wall
1, 2, 3,--- represent suitable reference sections of the cavities.

Fig. 3. Splitting onA- into two series-connected admlttanc¥,$ and
To give evidence of the effects arising from discarding mui’” .1 insertion at the junction node of a short circuit (electric wall) or an

tiple couplings during the design, the numerical simulations @pen circuit (magnetic wall).

some test filters (designed with both the simplified approach

and the procedure proposed here) have been performed aritrarily split into two series connected admlttandéjs

the results obtained are discussed in the paper. andYk” (Fig. 3). Introducing open circuits or short circuits at
the junction points between these admittances, the following

Il. FUNDAMENTALS OF THE DESIGN equivalent admittances can be defined:
A. Modeling

The general filter structure in Fig. 1 can be represented Yk(SZ) =Y, +Yy, +iBrx = Yk(Sz) + 1Br
through the N x N admittance matrixY; defined at the

reference ports of thé/ resonators. A possible circuit model Yk(O) =Yy +jBri = Yk(O) +3Brk (22)
of the structure is given in Fig. 2, where the admittankgs Yit(s,k) =Y, + Yy +jBr; = Y:(S,k) + jBr;

and YAJ are dependent on the elements Xjf through the . — . .t ]

following relationships: Yioy=Y; +jBr: = Yoy +iBra. (2b)

Y(Zvj) = _Y;ﬁ (1a)

Y=Y+ Z Yk%i =Y, +jBr; + Z Yk%i' (1b) From a physical point of view} o) represents the equiva-
kot ki lent admittance of théth cavity W|t$1 magnetic walls inserted
In (1b) the admittanc&’;* has been split into two partsinside the coupling structures at the sections corresponding to
in order to introducej Br; which represents the tuning susthe junction points ol ; andY;’;. Yy 4, is the equivalent
ceptances required for the practical alignment of the filt@dmittance of thekth caV|ty with an"electric wall inserted
(they are generally realized by means of metallic screws); thside the coupling structure between cavitiesand ¢, and
summations in (1b) are performed over all the coupling admiragnetic walls inserted inside all the other coupling structures.
tancesY,"; connected at nodée Note thatY (,i) represents It can be observed that independently of the specific lo-
the equivalent resonator modeling tith resonant cavity. calization of the sections where magnetic or electric walls
Let consider thekth cavity with all the couplings to the are inserted, the COUpllng admittancgs; can be expressed
neighboring cavities: each coupling admﬂtar&fg\ can be as a function ofY} (0) and Y}/ (S,0) through the following
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relationship: of the coefficientk; ; defined as [12]
—1
/ 1 1 ‘Y,ﬁ

YkAz‘: { + } kki: —— (4)

Yisn — Yoy  Yitswm ~ Yio) ’ Begr Bog.

—1 wW=wo
= {_t ! — + = 1 — } . (3) wherewy, = 2w f, is the midband angular frequency of the

Yiesao— Yoy Yisw —Yio filter and B., 1, is the susceptance slope parameter of#tie

. . ) cavity; in absence of losses one gets
Equation (3) has been obtained by derivirify, andY;’; from

(2a) and (2b) and taking into account t@t}i is the series of Bugr = le . Y (k, k)|

Y, ; andY;’;; note also that?; is independent on the tuning 27" Ow

susceptance®r;, and Br ;. .
Using (2) and (3), all the elements of the overall adév;\/?tr; wos IS the resonance angular frequency of thih

mittance matrixY; can be computed as a function of the Equation (4) can then be evaluated as a function of the

. ; " " : .
equivalent admittancesy, , and Yk:(sz?’ which, in turn, & uivalent admittances;’ ,, and Y} ., by using (2), (3),

each physical cawg (O) (5% : !

and (5). Once the numerical values of the coupling coeffi-

can be derived through the analysis o
sunab!y termmate_d _(by means O.f electric and/or m agne%?entski ; have been obtained (for instance, by means of the
walls introduced inside the coupling elements). This allows ’

n?rmalized low-pass prototype presented in Appendix A) the

to take into account in the computation of the parameters g . : .
. ! . stem of nonlinear equations given by (6), at the bottom of
the equivalent resonators necessary for the filter design {fe

. ; . . theé page, must be solved in order that the actual filter structure
effect of all the couplings outgoing from each physical cavity, . . i
: : “approximates the electrical response of the de-normalized
In this way, the overall accuracy of the design can be very hi

: prototype.
depending only upon the degree of accuracy of the evaluati Mn (6) the summations are performed over all resonators
of the admittances)’ ,, andY} . Note that very often the

ractical dimensioning of the coupling structures in cou Ieg_oupled t0: (7). In addition, the resonance of each cavity
P 9 ping Peust also be imposed from (7a), taking into account (2) the

cavity filters is performed by discarding for each pair of coys . .
. . uning susceptancdsy; can be directly derived ((7a) and (7b
pled resonators all couplings but one [4]. This approach makS Sow?q at thepbottom of the next pagg). Equat(ig)ns) ©6) a(nd )(7)

the design of the filter relatively simple but it may require rele- X .
vant experimental adjustments, especially in case of moderg?enera"y depend, through the equivalent admlttari(;g(%)

bandwidth with transmission zeros close to the passband. anq Ylf, s,0) O all the_geqmetrical and electrical parameters
It can be observed that althougff and Yt depend which define the specific filter structure considered; however,
k.(O) k,(S,i)

on the actual localization of the electric and magnetic walfs number of these parameters are, in general, preliminarily

introduced inside the coupling susceptandgs, is indepen- assigned according to some suitable criteria (minimization of
; L : otljﬁe losses, reduction of the overall volume, optimization of

a computational point of view, to place the electric and/t%?e out_—of—band behavp_r » and so on_); also, thg geometrlcal
imensions of the cavities may be imposadpriori (then

magnetic walls (for the numerical evaluation and . —a )
. g ( D 5.0) _ .determining the values of the susceptantg9. The design
Y! . .) are dependent on the specific filter structures; for ;
k,(S,i) F‘ocedure presented here assumes, as design unknown, only

example, in the case of cavity resonators coupled throuE1 i . . .
o . ._the geometrical parameters which determine the couplings be-
thin diaphragms or slots, the right placement of the electric or

magnetic walls is just in the sections of the coupling eIementWeen the cavities; moreover, the number of these parameters
in the case of comb filters, the electric or magnetic wal §’assumed_ tobe equal to the overall number of cquphm,g,& .
can be conveniently located ’midway between the coupled li eThe design can then b.e performgd by numenca]ly solving
resonators fife systgm (6) ofn.tot nonlinear equations, as a fupctlon of the

' geometrical coupling parameters of the specific filter structure;
during the solution of the system, given a set of unknowns
values, the resonance condition (7b) determines the values
It is known that the coupling between resonatbrands in  of the tuning susceptancdsr; [required for evaluating the

the direct-coupled cavities’ filters can be expressed by medefi-hand side (LHS) of (6)].

()

w=wo,k

B. Development of a General Design Procedure

—1
2 k3 1 i —"_ k3 1 k3
Yisn Yoy Yiso Yo

ki j+
—1 -1
¢l t 1 1 ¢l t 1 1
Oq a‘“{ o) ;{Yis,m_yfw Yﬁ(s,f)_yk»t(m} } a‘“{ i© Zk: Yisw Yoy YV
0

wW=wy

(6)
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The numerical solution of the nonlinear system is based time humerical evaluation of the equivalent admittanigggo)

the minimization of a cost function (nonlinear least squaremd Yiisi

optimization). A very efficient algorithm is represented by However, this aspect of accuracy (i.e., the cavity modeling)

the Gauss—-Newton Method which has been employed fgrcommon to whatever approach is followed in the design of

designing the test filters considered in the following sectiogoupled-cavities’ filters. The most accurate methods are based

In spite of the strong nonlinearity of the system to be solvedn the numerical evaluation of the electromagnetic field inside

acceptable solutions have always been found for all the desighé cavities (mode-matching method, integral equation tech-

performed. nique, spectral domain approach, and so on); these methods,
however, are generally not suitable for filter design procedures

C. Expression of the Coupling Coefficients as a Function of (as that presented here) because of the very long computer time

the Resonance Frequencies of the Equivalent Cavities they typically require. For design purposes, a less accurate but

It is known that the coupling coefficients between two coJlore viable choice consists in the representation of the cav-
pled resonators can be given as the function of two resonaffi@S by means of simple equivalent circuits suitably defined.
frequencies related to suitably defined equivalent resonatisthe case of overall unsatisfactory accuracy, optimization
[11]. It has been found also that in the general case considePsgcedures may be employed after the design using a more
in this paper (array of resonators with multiple couplings) th%ophlg,ncated r.no_delifor thg cavities’ chgrgcterlzatloq (notg that
coupling coefficients can be expressed as the function of e direct optimization without a preliminary design gives

resonant frequencies of the equivalent admittan’}q§§o) and generally unsatisfac'Fory results, especially for narrow-band
Y! 5 through the following relationship: filters with transmission zeros close to the passband).

In the following (since the focus of this paper is not on the

L + L accuracy of the cavity modeling), a simple equivalent circuit
P2 e TPe I sy T2 : i
JS— m“*”)l m(©) ”*<S*m>1 () (8) has been adopted for computing the adm|ttanY;§§)) and
sy 0 + P2 sy =209 Y;f,(s,i)i however, it is worth noting again that the improve-

ent of accuracy in the test filters design determined by taking
nto account the multiple couplings in each cavity (which is
e matter investigated here) can be demonstrated as well.

where f,, sy and f,. (o) are the resonant frequencies o
Yy sy @andYy ), respectively. Note that (8) has not bee
anaiytically derived and so it cannot be stated that it exactly
holds; however, the accuracy has been verified by applying ) Test Filter Structure
for computing the coupling coefficients in several test filters

(designed with the method presented here) and comparin The filter structure chosen for testing the novel design ap-

these values with those originally obtained from the synthe{n&'%aCh |s.con_st|tuted by the general_lzed SI.Ot'COUpI?d comt_)llne
ilter [13]; this structure is of particular interest in mobile
of the low-pass prototype.

communications applications, allowing the construction of
high-selectivity, phase-equalized filters.

The structure under consideration is shown in Fig. 4. The

The aim of this section is to show the improvement ibasic resonator is constituted by a circular metallic rod of
the design accuracy obtainable through the novel approatibmeterd and lengthBL placed inside a rectangular cavity
with respect to the evaluation of each coupling element ohaving the cross-section dimensianandb, respectively. The
at a time (discarding all the others). Some test filters haved is short-circuited at one end and resonates with a capacitive
been designed following both approaches and the simulatgsceptance (generally realized through a metallic screw) at
responses obtained in the two cases have been comparethénother end. The cavities are displaced in the structure in
order to emphasize the effects produced by discarding ttveo parallel rows (folded configuration) in order to allow
presence of multiple couplings in the design. couplings between nonadjacent resonators. The couplings are

It is well worth observing that the overall accuracy in theealized by removing part of the walls which separate adjacent
design of a generic filter structure (including those consideredvities (each resonator can have at most three couplings in
here) depends both on the aspects concerning the multiffiies configuration). The input and output ports are of a coaxial
couplings (to which this paper is devoted) and also on tltgpe and are coupled to the rod in the first and last cavities by
accuracy of the modeling of the resonators; this means that theans of taps at a suitable distance from the short circuit (the
overall design accuracy is affected, in the novel approach, tgsign of the taps is not considered in this work).

I1l. V ERIFICATION OF THE DESIGN PROCEDURE

-1
1 1
Y (i, )omy, = YJ«NZ{ ; —+ - } =0 (7a)
| v Uisn = Yo Yuso = Heor ) ) _
1 1 -
. —t
JBri(wo,i) = =9 Yio) + Z {—t - T = — } (7b)
r Yisw —Yio Yiesiy—Yro

w=wo,;
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Fig. 4. Schematization of the generalized slot coupled combline filters. (a) Top view. (b) Side views. The arrows in the top view show all the possible
couplings for the considered structure.

The design unknown parameters are represented here by th2) computation of input—output impedance matéof the
lengthw;, of the slots (the walls are removed starting from the filter (order 2) by inverting the matri¥; (order N) and
open side of the rods); all the other geometrical parameters ~extracting the element§l, 1), (1, V), (N, 1), (N, N),
must be preliminary assigned according to suitable criteria. where N is the number of filter cavities;

For instance, when negative couplings are required, the lengtt3) computation of the filter response (attenuation) vs fre-
L must be larger than 45the usual value adopted in a comb ~ quency from matrixZz.
filter). A typical choice in this case is between°680C . During the analysis, the coupling of the external loads with

The cross-section dimensioasand b must be chosen suf- the first and last resonators is described by means of ideal
ficiently small to allow the realization of the largest couplingransformers.
coefficients (positive and negative) obtained from the electrical
synthesis. Another aspect to be taken into account in the chog:e

: . B. Results from the Test Filter
of the above parameters is the unloaded Q factor of the cavities _ _ _ _ _ _
(which determine the overall losses of the filter). Electrical requirements typical of radio mobile applica-

Note, however, that the aspects concerning the choidins are assumed for the test filter. It is constituted by

for the optimum design of generalized comb filters are néP( cavities and it shows a passband equiripple response,

faced in this paper (the aforementioned aim of which is tﬁ&'th a pair of imaginary transmission zeros imposed for

investigation of the effects produced by multiple couplings i
the cavity filter’'s design).
In accordance with this aim the admittancb’é(o) and

proving selectivity and a pair of complex zeros imposed
or equalizing the passband group delay response. Table |
shows the values assigned to the filter design parameters
vi related to the filter structure described above atogether with the transmission zeros’ locations obtained from
k,(S,il> , i A > Anumerical search procedure. The synthesis of the normalized
modeled by means of a simple equivalent circuit, which g, yass prototype (following the procedure in Appendix A)
described in detail in Appendix B. This model is adopted Q65 the coupling coefficients, also specified in Table I
both the design and analysis of the filter; in particular, thyte that being the transmission zeros symmetrically located
frequency response is obtained through the following steps;round the passband, the prototype does not contain the
1) computation of the overall admittance matdk using couplings between resonatoksand N — k (the generalized
(1)—(3) (Section 1lIA), taking into account the frequencyomb structure considered here is then suitable for the filter
dependence of all parameters; realization).
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TABLE | TABLE 1l
ELECTRICAL SPECIFICATION AND COUPLING COEFFICIENTS OF THETEST FILTER SLoTS LENGTH COMPUTED WITH THE NOVEL PROCEDURE AND WITH THE
SIMPLIFIED APPROACH WHICH DISCARDS THE MULTIPLE COUPLINGS
FElectrical Parameter Value
Slots Novel Design | Simplified Design
Midband Frequency (MHz) 917.5
_ W] 2I=W56 19.79 mm 21.27mm
Bandwidth (MHz) 34
_ W23=w45 14.14mm 19.67mm
Return Loss in band (dB) 20.8
w34 12.67mm 18.72mm
Number of resonators 6
_ wi6 14.50 mm 14.23mm
Attenuation poles (MHz) 1914, j921.01
. w25 10.11 mm 16.27mm
Equalization zeros (MHz) +1.252+j917.5
Coupling Coefficient k> +0.00321
Coupling Coefficient k23 +0.00227 TABLE IV
Coupling Cocfficient k34 +0.00175 SLoTs' LENGTHS AND COUPLING COEFFICIENTS FOR THEALL POLES TEST FILTER
Coupling Coefficient kg5 +0.00227 Slots kiivs Novel Design Simplified Design
Coupling Coefficient k55 +0.00321 wI2=Ws6 0.00318 19.74 mm 21.21 mm
Coupling Coefficient k4 -0.00016 w23mwas 0.00228 13.97 mm 19.70 mm
0.00218 13.50 E
Coupling Cocfficient k25 70.00060 " m 1951 mm
TABLE 1

seen that the differences are relatively large. The inaccuracy

PRELIMINARY ASSIGNED GEOMETRICAL PARAMETERS. N o i . ' o
of the simplified design approach is evident by examining the

Geomelrical Parameter | Value (mm) frequency response (attenuation) of the two designed filters
Cavity width b 50 reported in Fig. 5; note that the tuning susceptances in the
Cavity height a 60 simplified design have been computed on the actual filter
Rods diameier d 35 structure (|.e_., taking into account all the_ coupllngs_ between the

cavities). This means that the degradation of the filter response
Rods length £ 50 is only due to neglecting the multiple couplings during the

design and not to mistuning effects.

Examining the results shown above, one could attribute the
large differences resulting from the two design approaches
to the presence of the two additional couplings required for
realizing the transmission zeros. As a matter of fact, this is
not completely true. In fact, even if any transmission zero is
required, there are two couplings for each cavity. So, if the
5 . slot length realizing one of these couplings is computed by
------------ — . disregarding the presence of the other, the same inaccuracy

~~~~~ Novel Design -

iSimplified

{Design : - previously found will result.
' A ¥ B A This has been verified with the above test filter by removing
i Lo the couplings 1-6 and 2-5; the resulting six-poles Chebychev
N —— e e filter has been designed again following the two approaches
70 ‘ v investigated here and the results (the coupling slots’ lengths)
910 915 920 925 are reported in Table 1V, together with the required coupling
Frequency (MHz) coefficients.

a5 G <on b he t - i ~ As can be seen from Table 1V, the differences in the slots’
ine transmisan zerog) designed acearing to e new procecure (continJi0ths Values obtained from the two design approaches are
line) and the simplified old approach (dashed line). similar to those obtained when the transmission zeros were
present. The simulated frequency response of the filter (Fig. 6)

In Table Il the preliminary geometrical dimensions assignealso confirms the previous considerations. Concluding this
to the resonators are reported; note that the electrical reection, it is advisable to again remark that the purpose pursued
onator’s length is large enough (350 allow the realization here has not been to develop an accurate design procedure for
of the negative coupling:. slot-coupled combline filters, but to show that discarding mul-

The evaluation of the coupling slots’ lengthy, has been tiple couplings during the filter design may produce relevant
performed by following both the design approaches considerexors; however, the discrepancies shown here between exact
here (i.e., the novel one proposed in this paper and thed approximate design cannot be generalized to whatever
simplified one recalled in the Introduction). The valuesuqf filter configuration (in fact, other structures may present far
obtained in the two cases are shown in Table lll; it can Hess pronounced differences).
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dB _ Novel Design

= Simplified Design -\ - R ] Fig. 7. General cross-coupled prototype network. Each node represents a

capacitancey; in parallel with a frequency invariant susceptarige the
parameters/;; are the admittance inverters between nodesd .

- Tuning Screw

910 915 920 925
Frequency (MHz)

Reference

Fig. 6. Frequency behavior obtained with the two design approaches when action

the test filter has only two couplings per cavity (Chebychev response).

— W,

IV. CONCLUSION

A novel approach to the design of cavity filters with multiple
couplings between the cavities has been presented. The method
is based on the definition of suitable equivalent uncoupled
cavities obtained by introducing electric and/or magnetic walls
inside the coupling structures. The dimensioning of the cou-
pling structures is performed through the numerical solution

of a nonlinear system of equations expressing the require- 8 Relevant i . fth aticcavity inside th

. . .. 1gJ. O. elevant geometric parameters o € genanccavity insiae the
ments imposed by the coupling coefficients Va!ues and.b.y tE] -coupled combline filter. The reference section is located at the end of
resonance condition. The values of the coupling coefficient® round rod.

(and of the tuning frequency of each resonator) are obtained
through the synthesis of a low-pass prototype, which allowz%t
the imposition of an arbitrary frequency response even wifh
asymmetric transmission zeros. By means of a test filter, the AP = 1 — 14 e2C2(Q) (A1)
improvement in the design accuracy has been demonstrated 1521 G N

(Wlt_h respect tp a S|mpllf_|ed design approach which conS|devr\ﬁ1ereE depends on the required passband ripple Grdis a
a single coupling at a time).

generalized Chebychev function expressible as a ratio of two

Coupling
Sl

enuation characteristic can then be expressed as

polynomials
1,N
APPENDIX A N Q) 11— Q)
GENERAL EQUIRIPPLE LOW-PASS PROTOTYPE Cn(Q) = D) = f\é (A2)
The general low-pass prototype is synthesized in the form IT (2= %)
of the cross-coupled network in Fig. 7; in order to also allow k

an asymmetric response, frequency invariant susceptanet®reN is the order of the filter (number of polesy. is the

are introduced in parallel to each normalized capacitanceimber of transmission zeros, whose values #?e;, and

It is known [14] that a similar network allows to obtain inj2, ; are the reflection zeros. Note tHay ; are real numbers

the prototype transfer function arbitrary transmission zertecause the reflection zeros must be on the imaginary axis.

(both complex and imaginary) with an equiripple response The transmission zerg&l.. ; are in general complex numbers

passband. which must be symmetrically prescribed with respect to the
The transfer function is represented by paramétar(s), imaginary axis in order to synthesize the low-pass prototype

wheres = © + j€1 is the normalized complex frequency. Thes the cross-coupled network in Fig. 7.

ov@=1 (O = Ko™ (9) + & oo (5550 | (A3)

R §R{COSh_1 (%)} } 9> 1

cosh [(N — N.)cosh™(Q) + Zk:
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Reference Section

Fig. 9. Equivalent circuit of the cavity represented in Fig. 8. Each transmission line section is defined by the characteristic impedandeby the length
Lx . The admittanc&’} may represent eith@,j (0y OF Y,f.(s 3 depending on the electric and/or magnetic walls located at the slots’ sections.

For determining the unknown reflection zefd%; » a closed the values of the prototype parametgys by, and/,,,,,are then
form expression forCx(£2) must be available. It has beenavailable.
found that the expression proposed by [8] for imaginary The denormalized passband filter is obtained by substitution
transmission zeros works as well also for complex zeros df the capacitance; and the susceptancés with equivalent
given in the following form (see (A3) at the bottom of theparallel resonators having the following parameters:
previous page). Once the zerg. ; have been imposed, the

polynomial N(Q2) at Q = ©, can be expressed as _ B b\ B b
fres,k—fO' _2— 1- —2—
I,Nz 1,N fO Gk fO Gk
N = , 4 _ k
N = Enlin)s 1;[ (€ =) = 14+ Z“’“ gt Begr _ 1 _gx 14+ 3 (A7)
(A4) Yb 2 B/fo 1?es,k

The coefficientsa;, can be computed with a polynomial
fitting procedure by selecting some valuesthfin the range
(-1, 1) and computing the correspondifig-(£2;) values with
(A3). The selection of the normalized frequenciesis not

where f,... ;, and B.q ;. represent the resonant frequency and
the susceptance slope parameterktif equivalent resonator,
respectively.f, is the midband filter frequencys is the filter
bandwidth, andyj is an arbitrary reference admittance.

critical, even if the order of the filter is high; however, using e |5ad and generator resistances of the denormalized filter
a nonuniform distribution of the frequency points (with an in

are given b
creasing number toward the passband edges) the computatl%nsg y
become faster and more accurate. Once the coefficigrase Ry = Rg = (fo/B)gr + bl_ (A8)
known, the reflection zerog, ; are readily determined and Beg1

the poles of the transfer function can be obtained by building _ o
up the polynomials”(s) and F'(s), which define the scattering  Finally, the coupling coefficient,, between resonators

parametersS,; andS1; in the complex plane andn is obtained through
Jrnn/yb
1= gy T gy (A5) VBeqm/Y0) - (Begn/Yo)

Note that the roots oP(s) arej<2. j, the roots ofF(s)are Note that the frequency response of the denormalized pass-
jQa1, and the poles of the transfer function are the roofnd filter aroundfo does not exactly follow that of the
of E(s). These can be obtained from the polynomi(s) - normalized prototype around the origin due to the presence
E(—s), defined as in the prototype of the frequency invariant susceptances; how-
ever, the approximations introduced are generally acceptable
E(s)-E(—s) = {[P(S) + jF(s)] - [P(s) — jF(s)] (N even for narrow or moderate bandwidth filters.
[P(s) + F(s)] - [P(s) — F(s)] (N odd)

. _ ~(A6) APPENDIX B
and selecting the roots d(s) - E(—s) with the negative real A SIMPLIFIED MODEL EOR COUPLED CAVITIES
part. IN GENERALIZED SLOT-COUPLED COMBLINE FILTERS

Once the transfer polynomialB(s), F(s), and E(s) have lained in Section lIA h v in the fil
been determined the synthesis of the prototype low-pass cahASt explaine d n d .eCt't?p » €ac cswty n It de t|ter ¢
be carried out using the procedure described by [14] based% cture considered in IS paper can be coupied at mos
the chain matrix description of the normalized network load AL th_ree cawzles, as |I|utstrated schemaﬂcally n
with unitary resistances. At the end of the synthesis proced ré- 8. The adm|ttance§/k7(0) and Yk:(S,i) are defined by
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Il 5 &8 ¢ = & =
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Fig. 10. Cross sections of the equivalent transmission lines in Fig. 9. The dotted lines represent either an electric or a magnetic wall, degending on t

specific admittanceY(kf 0y Y,f (s i)) to be evaluated; the continuous lines are the actual metal boundaries of the cavity.

inserting electric and/or magnetic walls in the places of the3] R. Levy, “Theory of direct-coupled-cavity filters,JEEE Trans. Mi-

i i i i crowave Theory Techvol. MTT-15, pp. 340-348, June 1967.
three_: possible slots in theth cavity. The eyalu_atlon of these M] A. E. Atia and A. E. Williams, “New types of waveguide bandpass
admittances can then be performed (considering only the TEM" fiers for satellite transpondersComsat Tech. Rewol. 1, no. 1, pp.

mode) by means of the simple equivalent circuit reported 21-43, Fall 1971.

. . . T ; 5] , “Narrow-Bandpass waveguide filterdEEE Trans. Microwave
in Fig. 9. This circuit is constituted by the cascade of four Theory Tech.vol. MTT-20, pp. 258-265, Apr. 1972,

transmission-line sections, terminated with a short circuit afs] A. E. Atia, A. E. Willams, and R. W. Newcomb, “Narrow-Band

one side and with a capacitive susceptafige, (representing multiple-coupled cavity synthesisEEE Trans. Circuits Syst.vol.

- , ¥ CAS-21, pp. 469-655, Sept. 1974.
the tuning screw) at the other side. The admlttadélg(%) and [7] R. J. Cameron, “Fast generation of Chebyshev filter prototypes with
Y’: (5,0) are evaluated at the section 6f ;. The equivalent asymmetrically prescribed transmission zerdsSA J, vol. 6, no. 1,

iccinn | pp. 83-95, 1982.
transm|SS|.0n I_mes’ whose lengths depgnd on ,the slots Iengt[é? D. Chambers and J. D. Rhodes, “A low-pass prototype network allow-
as shown in Fig. 9, are of coaxial type with the inner conductor ~ ing the placing of integrated poles at real frequenciéEEE Trans.
of circular shape (the resonator rod), the outer cross section (of glic'\r/lowaxe Tfllleorx'& TeCf?_v_ol. tl\:ITTh—:_sl, J?n. t}11983. hesis of N
. . . . . Macchiarella, “An efficient technique for the synthesis of an equirip-

reCtangmar shape) _'s ConStltUte_d by electric anq magnetic Wali%] ple low-pass prototype filter with asymmetric frequency response and
(at least one electric), depending on the slots’ lengths and on arbitrary transfer function zeros,” iB4th European Microwave Conf.
the specific admittance ©) Y} (5,1)) 10 be evaluated. With Bologna, ltaly, Sept. 1995, pp. 722-724.

ference to the cavit ih %i 8 7a schematic re resentati[)llg] D. Kajfez and P. Guillons, EddDdielectric Resonators. Norwood, MA:
re _ y In Fg. o, epresente Artech House, 1986, ch. 8-9.
of the equivalent transmission lines’ cross sections is giverl] H. Yao, F. Liang, and K. A. Zaki, “Accuracy of coupling computations
in Fig. 10, where the continuous lines are the actual metal and its appl|cat|on_to DR filter design,” f£EEE MTT-S Int. Microwave

. . . . Symp. Dig. San Diego, CA, 1994, pp. 723-726.
boundarles of the .CaV”y and the anhed lines represent eithef G. Matthaei, D. Young, and E. Joneslicrowave Filters, Impedance
electric or magnetic walls depending on the admittance to be Matching Networks, and Coupling StructuresNew York: McGraw-
evaluated. Hill, 1964. , , - .
. . . . _&13] H. W. Yao, K. A. Zaki, A. E. Atia, and R. Hershtig, “Full wave modeling

To perform the computations with the equivalent circui of conducting posts in rectangular waveguide and its applications to slot-

the characteristic impedances 4, Z. g, Z; ¢, and Z, p of coupled combline filters,/EEE Trans. Microwave Theory Techol. 43,
o - ; ; pp. 2824-2830, Dec. 1995.

the transmission lines must be known. _Th.e'r CompUtat'oﬂ’zl] R. J. Cameron, “General prototype network synthesis methods for
however, can be made once at the beginning of the design microwave filters,"ESA J, vol. 6, no. 2, pp. 193-206, 1982.

procedure (in fact they do not depend on the design unknow#pl R. Levy, “Conformal transformations combined with numerical tech-
. ] L - nigues with applications to coupled-bar problemHEEE Trans. Mi-
i.e., the slots lengthsy;). For designing the test filter these ., ave Theory Techvol. MTT-28, pp. 369-375, Apr. 1980.

characteristic impedances have been numerically computed
with a method based both on conformal transformation and
on finite difference solution of Laplace equation [15].

In conclusion, it is worth remarking that the model presented
here is suitable only for a first order design of slot-coupled
combline filters (all high-order modes excited at the discon-
tinuities determined by the slots and the tuning screws ¢
discarded); it is, however, adequate to perform comparisc
with different filter design approaches, as explained in Secti
Il
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