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Abstract— Fast hybrid mode-matching/boundary-contour  low-cost computers, the desirable goal is to go beyond the
(M"\él/BbC)'ldandbpolge-matdChmggmét?eltehmemt' (MMt(FE) \(va\;e(-j traditional use of EM simulators for mere validation and
guide building blocks are described for the optimization-oriente ; ; o T
use in powerful circuit computer-aided design (CAD) tools and analysis p_urposes. It is to develop and utlll_ze EM bl.“ldl.ng
the automated design of waveguide components. The eﬁicientblOCkS which a_lre_ fast enough to allow the direct appllcatlpn
electromagnetic (EM) CAD technique allows the accurate Of matured optimizers and CAD tools, and also for waveguide
design of a comprehensive class of rectangular and circular components of more general shape.

WaVG?UI_C:e CTOr:npo?f?f}ts lnClUd(ljngﬂ re_%l_ll_sttlc ?tftl;]CtUrf]e% _C:; tggrtm)er For components composed of rectangular and circular wave-
complexity. The efficiency and flexibility of the ri ; = ; o

metk?od isydemonstrated gt vancad E,\)I’ design ex);mples <uchduide structures, efficient mode-matching building blocks have
as broad-band circular-to-rectangular waveguide transitions already been developed in the past (e.g., [1]_[6_])' As has
including octagonal cross sections, waveguide resonator filters been successfully demonstrated, these allow the rigorous and
with rounded corners, optimum-shaped bends, dual-mode filters fast CAD of the large class of waveguide components, which

with coupling sections without tuning screws, ridged waveguide are compatible with the Cartesian or cylindrical coordinate

filters with rounded corners, and multiplexers. The designed system, such as transformers, filters, multiplexers, couplers

components are directly amenable to cost-efficient fabrication T . ' p ' NS
techniques like computer-controlled milling methods. The theory Phase shifters, polarizers etc., [1]-{18]. The extremely high
is verified by available measurements. interest in direct, slightly modified, or renamed mode-matching

Index Terms—Boundary integral equations, design automa- techniques for waveguide structures—demonstrated by the
tion, diplexers, finite-element methods, mode-matching methods, /argé and increasing number of articles devoted to this al-
multimode waveguide, waveguide components, waveguide disconready well-known subject just recently—may justify some

tinuities, waveguide filters, waveguide transitions. remarks in this paper on the actual state-of-the-art and ef-
ficiency of the already available mode-matching building
|. INTRODUCTION blocks.

) ] For the analysis of more complicated structures, space
T HE ADVANCED design of waveguide components fofjiscretization methods are typically used, such as the three-
| which accuracy, performance, and development time &fgnensional (3-D) finite element (FM) [27]-[29] or finite-
critical design parameters requires reliable and fast electfiference time-domain (FDTD) methods, (e.g., [30], [31]).
magnetic (EM) computer-aided design (CAD) tools. Thifiowever, because of the rather high requirements concerning
allows the direct utilization of modern fabrication technlqueg,,corage capacity and central processing unit (CPU) time for
such_ as computer-cpntrolled milling, die casting, or elect_rgaﬁe CAD of such structures, adequate hybrid methods are
forming methods, without the need for post-assembly tuningsirable which combine the advantages of both the flexibility
elements. The advantages are reduced manufacturing Cestie space discretization methods with the efficiency of the
and development time, as well as improved performanGgqge-matching method. A combined mode-matching/finite-
Moreover, components without tuning screws show betgfoment (MM/FE) method has been proposed for the design
passive inter-modulation (PIM) features and power handhqﬂ dual-mode filters in [32], [33]. In [34], a boundary contour

capa_lcity. . ) . ) mode-matching (BCMM) method is applied for the full-
With the steadily growing requirements and increased SP&Cave modal analysis of arbitrarily shapdé- and E-plane
ifications, and in view of the availability of high-performanceyic.ontinuities.

Recent advances in the development of efficient circuit
Manuscript received September 17, 1996; revised January 13, 1997. theory CAD software have stirred the interest in interfacing
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D-28334 Bremen, Germany. P vy rigorous EM sw_nulators into cpmmermal CAD frameworks
Publisher Item Identifier S 0018-9480(97)03097-4. [21]-[26]. Also in [35], [36], this approach was just started
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Fig. 1. Design examples for the hybrid EM CAD technique based on fast mixed BCMM and MM/FE waveguide building blocks. (a) Broad-band
circular-to-rectangular waveguide transitions including octagonal cross sections. (b) Waveguide resonator filters with rounded cornérsur(eyl@pied
broad-band bends for feed-network applications. (d) Dual-mode filters with coupling sections without screws. (e) Ridged waveguide filterdedtbammens.

with a circuit model for the simpleH-plane rectangular Il. THEORY
waveguide step problem. This may underline the high actuality

of this topic. All necessary basic rectangular and circul@(. Mode-Matching Key Building Blocks for Rectangular
waveguide mode-matching building blocks have been implgnd Circular Waveguide Structures
mented in common circuit CAD tools [22]-[26], and the fast

: It has been demonstrated that merely four mode-matching
and user-friendly CAD of nearly all usual components based - .
. ; ey building blocks are the basis for the accurate and fast
on rectangular and circular waveguide structures has bee . .
. simulation of the comprehensive class of rectangular and
demonstrated in [22]-[24].

In this paper, fast hybrid mode—matching/boundary-contoﬁirrCUIar 'Waveguide structures.—the 'asymmetric rectangular
(MM/BC) and MM/FE waveguide building blocks are de-aveguide double-plane step discontinuity [1], [37], the asym-
metric rectangular-to-circular [1], [5], and circular-to-circular

scribed for the optimization-oriented use in powerful circuit aveguide step discontinuities [1], as well as the general

CAD tools and t_he gutomated design of advanced wavegu?sq%port cross [4] (which is reducible to T-junctions [2],
components which include structures of more general shape. . .

h . agic-Tee structures [38], or corners by placing adequate
Design examples are broad-band circular-to-rectangular wave-

: " . . : . ort-circuit planes). The combination of these key building
guide transitions including octagonal cross sections [Fig. 1( bcks with homogeneous rectangular or circular waveguide
waveguide resonator filters with rounded corners [Fig. 1(b

optimum-shaped broad-band bends for feed-network ap bctions of finite lengths by the generalized scattering matrix

cations [Fig. 1(c)], dual-mode filters with coupling section GSM)’ generalized admittance matrix (GAM), or generalized

without tuning screws [Fig. 1(d)], and ridged waveguide filteraPe9ance matrix (GIM) techniques (cf. [1]-[13]), leads to

it oundecomers . (), Ty eciueis basgf, L9, EeLe Toteaenn bl bocker

on the MM/FE [32] and the BCMM methods [34] which~ .~ L ' . ) ’

combine wide flexibility with high efficiency. Encouragedcavmes of finite lengths, single and multiple metal inserts, T-

by the efficient network optimization capabilities of modern 1Basic mode-matching/numerical EM waveguide elements, like irises,
circuit theory CAD tools, a straightforward dual-mode filteff-junctions, bends, post sections, etc., for building waveguide components via
design approach is presented which yields excellent Starti{ﬁﬁgogeneous waveguide sections of finite length are designatedildsg

) A ks They may be derived from mode-matchikgy building blockslike
values for the subsequent fine optimization. the T-junction from the six-port cross.
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junctions, crosses, etc. A complete set of these mode-matchieghniques, such as the boundary integral method adapted

building blocks is already available in implemented form fovery recently to this problem [43], which provide only the

the convenient use in common circuit CAD tools [22]-[26]. fundamental Ty mode information at the port waveguides,
All efficiency features inherent in the most advanced mod#ie completemodal scattering matrix of the corresponding

matching techniques are consequently utilized to allow thmegion is obtained, i.e., the necessary higher order mode

extremely fast EM CAD of rectangular and circular waveguidieformation for the arbitrary combination of such structures is

components. These include, in particular, a modified algorithavailabledirectly. Moreover, it is not necessary to first search

[1], [9], which requires only the inversion of a submatriXor the eigenfunctions.

with a quarter of the size of the more conventional mode- For the key-building block discontinuity, Fig. 2(a), the

matching technique described in the rather classic [37], whitdngential field components of the TE- (indé) and TM-

is often cited in this context. Moreover, the related submatnixaves (index) are formulated at the corresponding reference

is merely of the order of the lower number of modes iplane(s): by

the smaller waveguide section due to an automatic determi-

nation process of the appropriate humber of modes which =(0) M s e e e ahs b ) 1k

are selected conveniently in the order of increasing cutoff By = Z ﬁej(aj +05) +4/Z5 ¢ af + b)) (1)

frequency [39]. The asymmetric step discontinuities already =1

include the full information required for general multiport = (i) M Thi— oL 1k T v/ ey e

transitions or multiaperture irises (cf. [3]). Coupling section H" = Z\/Zhj@aj +b7)+ Y; h5(Faj £ 65) (2)

elements of finite lengths (e.g., irises or metal inserts) are =1

combined by considering two junctions at once [9], where

Where 7 is the normal unity vectorZ andY are the corre-

again, only one submatrix of reduced size has to be i ]r(])nding wave impedances or admittances, respectively, and

E’Lle(;;)ed (a similar technique has been recently described aggpand h are the normal mode functions which are related to

L . . the potential functiong in the usual manner. The expressions
The coupling integrals are solved analytically (with th(? > . .

. . - ; or the transverse mode vectarsand i are given in [34].
exception of the step discontinuity larger circular-to-smaller The boundary condition for the electric field yields the

rectangular which is calculated as a contour integral numegi—stem of linear equations
cally by a fast Gaussian quadrature method [5]). Furthermora, g

for tvyo-p_ort structures, th_e _frequency_ dependency of the T&’:E(Ei—i—g) 3)
coupling integrals can be eliminated as is already well known
[1]’. (31, I3, [37]' I the_ descnbe.d efficiency features a.re\fvhere the elements of the matrik are the coupling inte-
utilized, a solid and fair comparison between the possible : . .

als of the field vectors of the cavity region. Due to the

adequate generalized matrix combination techniques (GS% . . .
GAM, GIM) reveals that, in general, the computational effo nonorthogonality of these field vectors at the boundary, this

o L r|Inatr|x is not diagonal. The matrik describes the expansion
for this kind of application is nearly the same for all three P . o
: . of the electric field in the waveguide ports by the cylindrical
techniques. The last two facts are in clear contrast to, for. . : : )
wave functions in the cavity region [34].

instance, the opinion uttered repeatedly by authors like those 0 o -

[19], [41], who have recently rediscovered multiple times the he boundary conditions for the magnetic field at the

S " ) y nuitip Waveguide ports yield the remaining sets of equations in

eigenfunction solution for standard waveguide step problerps
. . - .~ the form

(e.g., inductive, capacitive, and double steps) by applying a

method of moments modal expansion (e.g., impedance matrix) Z T 1 ETa (@)

approach though, by the way, standard textbook knowledge —at+b= in @

(e.g., [42]) would have been sufficient to verify that the _ _ _

resulting coupling matrices are equivalent to those of thherer is the free-space wave impedance and the superscript

already available and well-documented mode-matching sb-denotes the transpose. The excitation coefficiéhtzn be

lution if adequately applied to these problems (includingliminated by using (3), which yields

the praised frequency independence for the not normalized

coupling integrals¥. (—d+b)=Cl(a+Db) (5)
B. Boundary Contour Mode-Matching Method with

For arbitrarily shaped discontinuities in tié- or E-plane C— 1 ETTE (6)
of rectangular waveguides [such as cavities with rounded an '

corners, Fig. 1(b), or optimized bends, Fig. 1(c)], the ver

efficient BCMM technique [34] is applied. In contrast to othef he desired full-wave scattering mati$xof the generak-port
waveguide junction is then given by

2In fact, the authors of this paper have verified on several computers, CRAY
J90, IBM SP2, Pentium PC, that e.g., for an inductive iris filter cited in [41], S=(I-O)YI1+C 7
unlike the opinion of the concerned authors, the impedance matrix approach ( ) ( + ) ( )
[41] is about four to five timeslowerthan our advanced generalizedanatrix . . . .
technique described here. with the identity matrixI.
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Fig. 2. Arbitrarily shaped waveguide discontinuities. (a) Key-building block discontinuity for the BCMM technique. (b) Arbitrarily shapedhrimite
thickness modeled by the CIMM method. (c) Arbitrarily shaped iris with finite thickness modeled by the CIMM method. (d) Finite-element mesh for the
post coupling section in the dual-mode filter of Fig. 1(d). (e) Discontinuity of arbitrarily shaped waveguides. (f) Combination of the buildiadebtpck
arbitrarily shaped iris) with an empty waveguide section jbyaccessible modes.

C. Contour-Integral Mode-Matching Technique wave functions

For the simulation of the arbitrarily shaped iris with finite N
thickness between two different waveguides, Fig. 2(b), either I(r, o) = Z Jn(ker)|an cos (ng) + by sin(ng)].  (8)
the hybrid MM/FE method (described in Section 1I-D) or the n=0

contour-integral mode-matching (CIMM) method [45] may b&he set is then multiplied with appropriate weighting functions
applied. For iris shapes with only moderate variation of thes (j¢), sin (j¢), and integrated along the contour in order to
amplitude of contour function(y) [Fig. 2(b)and 2(c)], the satisfy the given field periodicity with respect to the angular
CIMM method is more convenient and yields fast results. F§POrdinatey. This relates the still unknown coefficients,,
more complicated cross sections, such as coupling structufed (8) and the Fourier coefficients;, /; resulting from the
for dual-mode filters [Fig. 2(d)] where a high number ofontour integration, in the following manner:

higher order modes may be involved, the ME/FE method is N 27
faster. aj = Z {/ Jn(ker)ay, cos (ng) cos (jy) de
In the cross section with the analytically or numerically n=0 27?
given contour function(¢) of the arbitrarily shaped iris, the + / Jn(ker)ba sin (ng) cos (jo) de (9)
fields are expanded in terms of the complete set of cylindrical 0



ARNDT et al. AUTOMATED DESIGN OF WAVEGUIDE COMPONENTS 751

N 2w o Matching the transverse EM fields; and H, at the common
Bi = Z { A In(ker)an cos (np) sin (j) dgp interface of a general waveguide step discontinuity [Fig. 2(e)]
n=0 leads to the set of matrix equations for the amplitude vectors

. /27r T (k)b sin (ng) sin (o) d(p} (10) oL andby 11 of the incident and scattered waves in waveguide
0 mem I and Il, respectively [32]. From this set of equations, the GSM

The requirement that the tangential electric-field strength alo%the complete step discontinuity is obtained.

the iris boundary contour is zero yields a homogeneous system

of equations which may be written in matrix form E. Generalized Scattering Matrix Combination
o [CcC] [SC] a For the investigated class of waveguide components, the
</3> = {[05] [55]} <g,> =0 (11)  combination of the waveguide building blocks is provided by

the GSM technique [1], [2], [4]-[12]. For the corresponding
intermediate homogeneous rectangular or circular waveguide
where the submatrices are denoted according to stne Section of lengtli (for instance, the cavity length between two
and cos-terms in (9) and (10). The nontrivial solutions ofrises), the modal scattering matrix is given by
this system of (11) result frondet [C] = 0 which yields
the eigenvalues, i.e., the cutoff wavenumbgrgs of the iris o {O D} D = diag{e™"!} (12)

. . . .. wyg D O ’ .
waveguide section of arbitrary shape and finite length. The

eigenvalues and the eigenvectarsb are calculated by the i i . o
singular value decomposition (SVD) method [46]. This leads to a straightforward multimode equivalent circuit

The modal scattering matrix of the discontinuityzat 0 is description [Fig. 2(f)] where the cascaded building blocks
obtained in the usual form, by matching of the tangential fieRf€ connected by modal transmission lines (i.e., for each
components. Application of the orthogonality of the eigenfun@JOde by one transmission line). This allows the convenient

tions and rearranging the equations yields the modal Scattermqalementation in common circuit CAD tools [23]-[26].
matrix of the discontinuity directly. For simplification, all It has tumed out that for typical microwave components

[ z

double integrals are reduced to contour integrals. (e.g., afilter), only a few higher order modes have to be taken
into account in the homogeneous waveguide (cavity) section.
D. Hybrid MM/FE Method For instance, two higher order modes (i.e., a total number of

_ ) ) . p = 3 modes) already give reliable results [24] even for filters

For struc?ures which require a hlgh number of elgenmodﬁ,ﬁ,\ere the next propagating mode, e.g.»J;Hs utilized for
to be considered and which may include sharp edges, li§gtaining stopband poles, a technique which has been already
the coupling eleme_nts of the dual-mode filter in Figs. ;( roposed seven years ago [50] (and has been rediscovered
and 2(c), the hybrid MM/FE method [32], [33] is applieGyst recently [51]). Moreover, the example of the high-power
t_)ecause of its hlgh_ efficiency. In_contrast to other metho liptic function TE, o3/ TEzo;-mode filter in [24] demonstrates
like the boundary integral equation approach [44] recentiiat py suitable optimization—in contrast to the opinion in
_reported, no search procedure f_or the detectpn of. eigenval $]—the transmission zeros can be placed very close to the
is necessary where the resulting computation time CanﬁE&ssband of the filter in order to obtain an extremely high
rather long, especially if optimization routines are used. dge steepness.
desired eigenvalues are calculated immediately by an eﬁiCie”Nthough the authors investigated the (modal) GAM or
tridiagonal matrix eigenvalue procedure. generalized impedance matrix (GIM) for the building blocks

The transverse electrié; and magnetic fields/; in each for comparison purposes as well (e.g., [3]), the GSM technique
homogeneous waveguide section are represented by SCQI3E preferred. As has already been mentioned, it has turned
potentials [32] which are solutions of the transverse homgy; (if all features of the most advanced mode-matching
geneous Helmholtz equation, satisfy Dirichlet and Neumarﬂé'chniques (cf. Section 1I-A) are utilized) that, in general,
boundary conditions on perfectly conducting electric and magse computational effort for this kind of application is nearly
netic walls, and show the usual orthonormal properties. — the same for all three techniques. This is particularly true

The initial mesh for the two-dimensional (2-D) finite-if |ike in many cases, a very different number of localized
element method (FEM) solution of the Helmholtz equation fo§,q accessible modes has advantageously been chosen for
the sections with nearly arbitrary geometry is generated by the, building blocks and for the combining waveguide section,
Delaunay triangulation; the mesh can locally be refined arﬂ@spectively. As is well-known, this requires inversionsyof
optionally be smoothed [28], [47], [48]. The generalized matriy, 7_supmatrices of high order for the calculation of the

eigenvalue problem is reduced to tridiagonal form by thgairix (e.g., [13]). For the GSM technique, at thematrix of
Lanczos procedure [47], with application of a shift and invethe step discontinuity of an iris

technique to accelerate convergence. Full Gram-Schmidt

type re-orthogonalization guarantees the orthogonality of S = —E+VSy
even higher order multiple degenerate modes. The system

of equations arising in each Lanczos iteration step is solved o

by sparse matrix Cholesky decomposition using the minimum Sy =21V

degree algorithm [49]. Sy = T HE - V'V] (13)

A
(V)
[
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Fig. 3. Equivalent circuit for the efficient CAD of a four-pole dual-mode filter [cf. Fig. 1(d)].

only a submatrix of ordern, n (with n being the low 0
number of modes in the smaller waveguidg)= E + V'V
has to be inverted. The coupling matriX is given for ~10 1

rectangular and circular waveguide discontinuities analytically =
[1], and it contains frequency independent terms which are ;7 201
only determined by the geometry.

30

oo measured
— calculated

F. Direct EM Cohn Synthesis of Single-Mode Filters

The most prudent approach for the fast and accurate Cheby- ] e
chev filter design is the combination of the conventional Cohn ., , . .
filter synthesis [52] with EM simulation subroutines for the 13 15 17
conversion of the impedance inverter dafa¢ into geometri- t/llz ——>

cal parameters [18], [53]. The corresponding general relationg. 4. Optimized multiaperture coupled iris filter. Verification with mea-
between the complex scattering paramefer obtained by surements [3]. WR-62 waveguide. Iris and resonator dimensions in mm:

_ ; ; waveguide 15.799x 7.899; iris thickness 0.21; resonator length 12.155;
the mode matChmg subroutine and the parameiérand ¢ irises 5.0x 3.0; displacements of the first and third irises 2.47, 0.5 from

are given in [55]. the waveguide side walls, or top and bottom walls, respectively; displacement
of the middle iris 2.133 from the sidewall; the filter is symmetric in length
. . dimension.
G. Design of Dual-Mode Filters
Dual-mode filters [60] are particularly attractive for satellite a
communications applications. A large overview of possible
synthesis and design methods is available in [18]. More i

recently, a design based on the low-pass prototype procedur -, P

of [61] has been presented in [17]. 5L o
Encouraged by the efficient network optimization capa- e .
bilities of modern circuit theory CAD tools, the authors of &5 r;
the present paper propose a straightforward approach whicl - '”\\\_____
utilizes the direct optimization of an adequate equivalent ] ——
circuit (cf. Fig. 3 for a four-pole filter). This allows the fast ] /"f ¥
and immediate CAD of dual-mode filters without an analytic T —
network prototype synthesis calculation. LELR AT R LRk R TR il
The chosen equivalent circuit parameters in Fig. 3 related o
to a real dual-mode filter structure [for instance, Fig. 1(d)] aréig. 5. Broad-band transition from circular-to-rectangular waveguide includ-
a transmission first (last) iris, reflection phase difference 9 aos(lzjt?egrggﬁltscr[gzs. secnons c‘)’;’]';h C;‘_"fggfd corners, compared with available
H¢ /H$, caused at first (last) irigh reflection parameter at
the coupling post structure fa{;; c reflection parameter at
the coupling post structure faH?,; Ay, phase difference phase differencedf, /Hf, caused at the cross irisyo guide
H{, /H;, caused at the coupling post structure;physical Wavelength at midband frequency.
angle of rotation of the coupling post structure (for fine The steps for the design are as follows.
adjusting of the coupling betweeH{, /H$,); d transmission  Step 1) Pre-optimization of the chosen (frequency inde-
of cross iris forH{;; e transmission of cross iris fadd$;; Aps pendent) equivalent circuit parameters for a given

o

1

all modes
m=Eapured
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Fig. 6. H- and E-plane iris filters with rounded corners. (a) Comparison between theory and measurements at a thréé-pharigy filter example of [43],
WR-75 waveguide. (b) Influence of the finite radius on a typical four-resorfitpiane filter for wireless communications applications, WR-51 waveguide,

original dimensions (mm)a = 12.954, ¢t = 3.5, wy = 7.720, wy = 5.757, wy = 5.

413,1lp; = 7.846, lps = 9.260, Ry = 2, dimensions after the

re-optimization:1.0025w;, 1.0015w2, 1.0010ws, 1.00351%1 2. (c) Influence of the finite radius on a typicél-plane C-band filter, dimensions (mm):

a = 46, b = 29.083, wy = 17.701, we = 11.0850, w3 =
after the re-optimization1.0200wz, 0.9855ws, 0.9550ws;, 1.02781R1 2, 3.

specification for the filter where the rectangular

irs Siris, the post structureS,.s;, and the cross

iris S..0ss are modeled by the equivalent circuit

parameters for the fundamental modes,, H{;,
H$, as follows:

[—v1 — a? —ja 0
Siris = _ja _Vl_a2 0
.0 0 —exp (jAp1)
(14)
[Si1 So1 Sai Sa
So1 S22 Su Sa
Soost = 15
post S31 Sua S Sau (13)
LS41 Sa2 S S
wheré
S11 =—jb cos? a — jc exp (jAs) sin? a

So1 =jb— jcexp (jAy2) sin « cos «

S31 =v1—12 cos® a+ 1—¢2

- exp (jAps) sing «

3For the second post structure, the signsSafi, S41 have to be inter-
changed as the post structure is rotatedrby o

8.160,t = 3, Ipy

= 20.432, lpo = 17.244, g = 15,820, Ry = 2, dimension

Su =[-V1-02+ V1 exp(jApy)]

- sin « cos «,

Sy = —jb sin® a — jc exp (jAps) cos? a

S =vV1-0sin®a+V1-c2

-exp (jAps) cos? a

as in (16), shown at the bottom of the next page.

Step 2) Calculation of the cross iris geometries according
to the parametergd, ¢; adjustment ofAys and
adjustment ofAyq, Aps.

Step 3) Calculation of the cutoff frequency of the post
structure for the givemy,; readjustment of the
structure geometry according tb, ¢; selection
of the length of the structure according fp-;
adjustment of the rotation angte.

Step 4) Calculation of iris 1, 2 for the given, adjustment
of A¢; by changing the iris height.

Step 5) Calculation of the resonator lengths.

Step 6) Rigorous analysis of all irises and the post structure
with the MM/FE method.

Step 7) Adjustment of the resonator lengths, lengths of post
structure, and anglex according to the rigorous
scattering parameters.
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Step 8) Rigorous GSM analysis of the filter. Readjustment 0
of the resonator lengths. ]
Step 9) Fine optimization by using the rigorous GSM tech-

nigue, if required. a0

514/dB ——>
o =
< o
1

N
=
Ll

H. Automated Design with the Mode-Matching/Numerical
EM Building Blocks

All necessary rectangular and circular waveguide mode- 70
matching building blocks (such as the usual iris types, ;]
multiple-step discontinuities, multiple sept&; and H-plane P
T-junctions, corners, crosses, cavities, circular-to-rectangular 12 13 Y 15 16 17 18
waveguide transitions, etc.) have been implemented for the I/l ———»
convenient use in common circuit CAD tools [22]-[26]. Th%ig. 7. Broad-band rectangular waveguide bend structure for meander wave-
building blocks can be modeled with up to about 300 modggide feed network applications [63], optimized with the BCMM method,
(or more, depending on the available storage resources). DY62 waveguide: = 15.798, b = 7.899, [, = 5.466, r = 0.4.
to the circuit theory parameters of these CAD tools, the
combination between the building blocks is carried out by Hl. RESULTS

modal transmission lines (Fig. 2) where each transmission . o .
line stands for one combination mode. Usually, only a few For the experimental verification of a rectangular waveguide

modes are required. In this way, full benefit can be takdfier. the multiaperture coupled iris filter of [3] has been
of the available schematics input, design, optimization, af0Sen (see Fig. 4). This filter achieves identical iris shape
graphical user interface capabilities of the familiar CAD toofor €xample, suitable for stamping tools), low insertion loss,
The direct EM Cohn synthesis algorithm has been impl&nd high break-down voltage. The filter housing is silver
mented in a very efficient stand alone computer code for tRéted, and the 0.21-mm-thick irises are fabricated by etching
fast automated EM synthesis of a wide class of Waveguig%chmques. Excellent agreement between theory with measure-
filters [54], such as inductive iris, metal insert, capacitive irign€nts may be stated. The measured insertion loss is 0.05 dB.
aperture coupled, and stub loaded filters, including cavitid§e irises have been modeled by inclusion of 100 modes, and
with rounded corners. The rigorous GSM technique is us@@ly the fundamental mode is necessary to be considered in
within this CAD program. The synthesis provides excellerife cavity region.
starting values for the included subsequent fine optimizationIn Fig. 5, a broad-band transition from circular-to-
by the proven evolution strategy method [54]-[58]. Since dliectangular waveguide including octagonal cross sections
efficiency features of the mode-matching technique are fulyith rounded corners is compared with available measure-
utilized, the synthesis of, e.g., a usual five-resonator inductiggents [62]. Here also, the fundamental mode between the
iris filter, takes only about 10 s on a Pentium PC. discontinuities is sufficient. The step discontinuities including
The described hybrid mode-matching/numerical EM buildhe octagonal structure have been modeled with the MM/FE
ing blocks are implemented in a flexible Fortran computenethod by taking all modes into account up to the cutoff
code for the fast automated CAD of nearly all waveguidigequency of 30 GHz.
components including multiport structures. The CAD is based The accurate design of rectangular waveguide cavity filters
on a kind of a three-step modified space-mapping approastth rounded corners in théf/- or E-plane [34] is of high
[59] as follows: practical interest as increasingly computer-controlled milling,
Step 1) Pre-optimization of adequate (frequency indepeglectro-forming, or die-casting techniques are applied for the
dent) equivalent circuit parameters for a givetow-cost fabrication of such filters. Fig. 6(a) shows the com-
specification (cf. Section II-D for the dual-modeparison between theory and measurements at a three-cavity
filter example) by using a random optimizer.  H-plane filter example of [43]. The iris sections have been
Step 2) Optimization via the rigorous EM theory with amodeled by the BCMM method with all modes up to 160-
gradient optimizer by using merely a coarse mod&Hz cutoff frequency and only two modes in the cavity

with few modes. regions. The high efficiency of this method is demonstrated
Step 3) Fine optimization via the rigorous EM theory withby the total CPU time of merely a few seconds for 200
a high number of modes. frequency points, on an IBM360 workstation (27 MFlops).
—V1-a2 0 —jd 0
0 —V1—¢? exp (jAp3) 0 —je exp (jAps)
SCI‘OSS . (16)
—jd 0 —V1-a2 0

0 —je exp (jAp3) 0 —V1-e2
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Fig. 8. Dual-mode filter with rotated iris coupling sections. (a) Results for a filter optimized with the equivalent circuit of Fig. 3, dimensiong/Rnog):
waveguide, cavityr = 13, Iy = l4 = 26.125, [o = I3 = 26.443, irises 11.50x 10.16, 17.60x 19.00, 2.70x 10.00,t = 1, Aps = 52.59°,
Apas = 127.41°. (b) Filter like (a), but with rounded iris corners (radius 0.75 mm), resonator lengths re-optitpized;, = 27.478, lo = I3 = 25.207.

Fig. 6(b) indirectly demonstrates the influence of the finitat the successful optimization of broad-band rectangular
radius on a typical five-resonatdf-plane filter for wireless waveguide bend structures of Fig. 7, which are of high
communications applications: the desired 24-dB return losspgactical importance (e.g., for meander waveguide feed
obtained only by a subsequent second optimizatibiy. 6(c) networks for radar slot antennas [63]). As a large number
shows that similar considerations hold fb¥plane iris filters. of pends are cascaded there [63], the individual bend has to
The filters have been pre-synthesized by the direct EM Coeet very high return-loss requirements. For this example,
synthesis (cf. Section II-F) and subsequently optimized by higher order modes up to a cutoff frequency of 380 GHz
gradient method. . are included within the complete double-bend structure. For

The efficiency and flexibility of the powerful BCMM w0 oyerall meander structure test, the fundamental mode was
method introduced in [34] may be demonstrated furthermogﬁfﬁciem in the interim waveguide sections.

4In Fig. 6(b) and 6(c), only the reoptimized results are shown. The original CirCUIar'CaVity dual-mode filters have been prOpOSEd in the
frequency shift by the not yet optimized values can be verified in [34].  recent past [32], [33], [64]-[65] where the traditional coupling
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] 163 164 165
104 /07—
o 20+ (b)
< 1 Fig. 10. (a) Dual-mode filter with inclined elliptical waveguide coupling
<30 sections. (b) Results for a filter optimized with the equivalent circuit of Fig.
1 3, dimensions (mm): WR-62 waveguide, cavity= 7,1} = I4 = 3.764,
404 Iy = I3 = 5.803, irises 6.77x 6.77,r = 0.5, t = 1, rotated elliptic
. waveguide section & 6.75 x 4.3, Ap = 27.7° (first section), 152.3
—50 (second section), cross iris inner width 1.00, radii 0.5, width 3.57, height
60 6.27, thicknesg = 1.0.
70 T T T T T T T T T T T T AN T T
15.5 15.6 15.7 15.8 15.9 16 16.1 16.2 16.3
{/GHzs ——»
(b)
Fig. 9. (a) Dual-mode filter with a modified post coupling structure. (b)

Results for a filter optimized with the equivalent circuit of Fig. 3, dimensions
(mm): WR-62 waveguide, cavity = 7, l; = l4 = 5.968, lo = I3 = 7.056,

irises 6.77x 6.77,r = 0.5, t = 1, rotated post section & 0.9 x 1.090, 0
Ap = 28.056° (first section), 151.944 (second section), cross iris inner |
width 1.00, radii 0.5, width 3.57, height 6.27, thicknegss: 1.0. ~104

screws are replaced by structures which may be more conve==
nient for modern fabrication techniques. Fig. 8(a) demonstrates
the optimized results with the method described above (Fig. 10
3) for a rotated rectangular iris version [65]. In order to 5o )
yield better stability concerning coupling section tolerances,
3)\,/2-resonators are chosen instead of the usya2 design.
The discontinuities have been modeled by inclusion of all .7
modes up to a cutoff frequency of 150 GHz (all symmetries 3
utilized), the homogeneous iris sections with 75 GHz. The
results for the fundamental’{,, H{; mode combination in Fig. 11. Ridged waveguide five-cavity low-pass filter with rounded corners.
the cavities (solid line for the return loss) are in such clog¥R-229 in-output waveguide, radii 1.5 mm, overall length 160.9 mm, gap
. . . width in all sections 6.7 mm.
agreement with the overall full-wave combination that the
results have not been plotted. Fig. 8(b) shows the similar
structure but with realistic finite radii in the rectangular irisesults of the equivalent circuit (Fig. 3) optimization (dashed
coupling sections (for fabrication purposes). The resonatire) and of the subsequent full-wave MM/FE full-wave anal-
lengths have been re-optimized in order to meet the sayms (solid line). For the full-wave analysis, all modes up to
midband frequency. 200-GHz cutoff frequency have been taken into account for
A modified post-coupling structure [32], [33], [64] is pro-the rectangular-to-circular waveguide discontinuities, and 100
posed in Fig. 9. The rotation angle of the twin post structu@Hz for the homogeneous iris and post sections, as well as
is an additional optimization parameter. Fig. 9(b) shows tle the (\,/2-) resonator sections. For the coarse optimization,

—
6.5 7 7.5
{/GHz ——»



ARNDT et al: AUTOMATED DESIGN OF WAVEGUIDE COMPONENTS 757

; i (¥ ;
‘||.|'.: |l__-'._-...-'-'_.- ‘1_'|:_ - '-___.-\..\_
% : -';r I|.Ii'..-..--- \ 4 E: m--.---ﬁl| II.
S | S L 1 u W
-, o =||_.-': I 11 {
=5 g T P
a5 LB 17 an 13 i
[t ——
(@ (b)
b ol [
\ LoX £y 4
i ' fog it itk sy [+
| | | - 1 i |I S |I S0 e
= . / II I| \ II | II I.I | |I |I
T 1

E ) Ity L AL !
il k I — i | - . l1d b : |

a5 L6 12 kL] 19 |

[fGHz ———=

(d)

Fig. 12. Complete dual-mode filter OMUX examples including the ridged waveguide PIM filter (Fig. 11). (a) Design \itiplame cross, dimensions (mm):
WR-229 waveguide cross, port 1: no iris, distance cross-plane to ridged waveguide filted ptan®3.3, port 2: distance cross-plane to ifis; = 24.84,
iris-to-filter planelas = 21.57, iris width wo = 41.25, port 3:137 = 35.01, I35 = 53.02, wz = 46.83, port 4:141 = 36.54, l4yo = 46.17, wy = 44.68.
Filters: Port 2: cavityr = 35, length-to-post sectiofy, = {4 = 11.206, length-to-middle irislo = I3 = 35.397, irises with rounded cornersk(= 1.5,

t = 1) 1, 3: 28.30x 27.70; 2: 10.20x 22.40, post section 1%5x 6.933,Ap; = 38.537°, Aps = 141.463°. Port 3:+ = 35,1, = I4 = 7.602,
lp =13 = 34368, (R = 1.5,t = 1) 1, 3: 27.0x 24.0; 2: 9.0x 21.2, 15x 5 x 7.955, Ap; = 48.075°, Apo = 133.925°. Port 4:r = 13,
lh =1y = 8145, 1s =13 = 32.506; (R = 14,¢t = 1) 1, 3: 25.8% 225 2: 9.15x 20.08; 15x 5 x 5.891, Am = 47.232°, Ayps = 132. 168O

(b) Overall analysis of the complete optimized OMUX component with Hhelane cross. (c) Design with a WR-229 waveguide manifold. (d) Overall
analysis of the complete optimized OMUX component with the WR-229 waveguide manifold.

merely the fundamental{,, H;; modes are considered inappropriately large. At the discontinuities, all modes up to
the resonator sections. 100-GHz cutoff frequency are included; in the resonator and
In principle, every adequately rotated structure with transformer sections, only seven modes have turned out to be
dependence is more or less appropriate for coupling thefficient for accurate modeling.
orthogonal modes in dual-mode filters of the type of Fig. The high flexibility and efficiency of the proposed hybrid
1(d). For instance, a dual-mode filter with rotated ellipticahode-matching/numerical EM CAD method may be demon-
waveguide coupling sections is shown in Fig. 10(a). Also fatrated at the design of complete dual-mode filter OMUX
this filter type, good starting values (dashed lines) are obtainexamples (Fig. 12) without additional tuning screws, including
by the equivalent circuit (Fig. 3) coarse optimization whickhe ridged waveguide PIM filter (Fig. 11). The complete opti-
is illustrated by the subsequent full-wave MM/FE full-wavemization is carried out with commercial CAD tools where the
analysis results (solid line). The number of modes corresponigunctions, crosses, and compensation irises are implemented
to those in Fig. 9. as modal building blocks, and the mod8&tparameters of
For output multiplexer (OMUX) designs, PIM filters arethe already optimized filters are included as modal “black
often required. Fig. 11 show a ridged waveguide low-pas®xes.” The standard gradient methods of these CAD tools
filter design which yields appropriate rejection also for highdrave turned out to be well appropriate for the optimizations.
order modes (comprising the corresponding,.JEmodes In Fig. 12(a), an iris compensated cross-junction is used for
(m > 1) which are not suppressed, for example, by standacdmbining the filters. The overall scattering parameters of the
E-plane corrugated filters). Rounded corners are includedaptimized complete OMUX component are shown in Fig.
the design in order to allow easy computer-controlled milling2(b). A manifold design is presented in Fig. 12(c). Fig.
fabrication and to enable high-power applications. Thereforg2(d) shows the overall scattering parameters of the optimized
also the gap width in the ridge sections is chosen to lsemplete OMUX component. The whole optimization of an
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OMUX with the goal of 20-dB overall return loss at the [g]
common port typically took an overnight run on a hp715/100
workstation. [9]

IV. CONCLUSION [10]

Efficient mode-matching and hybrid mode-matching/
numerical EM waveguide building blocks are described for
the optimization-oriented use in powerful circuit CAD tool
and the automated design of waveguide components. The
building blocks allow the accurate and fast design of a ve%/2
comprehensive class of rectangular and/or circular wavegui e]
components including structures of more general shape. The
designed waveguide structures are well appropriate for co!
efficient fabrication techniques, as no additional post-assembly
tuning elements are required. The exciting advantages of using
the waveguide building blocks in CAD tools include: fast ané4]
reliable customer-oriented waveguide designs are possible by
utilizing powerful full-wave optimizers, accurate waveguidéls]
building blocks are conveniently available and full benefit can
be taken of the design and graphical interface capabilities of
matured CAD software. [16]
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