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Computer-Aided Design of Slit-Coupled
H-Plane T-Junction Diplexers with

E-Plane Metal-Insert Filters

JOACHIM DITTLOFF AND FRITZ ARNDT, SENIOR MEMBER, IEEE

Abstract — A rigorous field theory design of a class of rectangular

waveguide slit-coupled H-plane T-junction diplexers is described utilizing

E-plane metal-insert filters. The filter elements allow low-cost manufactur-

ing by accurate and inexpensive metal-etching techniques. The design

method is based on ~leld expansion in snitably normalized eigenmodes

which yield the modal scattering matrix of three appropriate key buildhrg

block structures to be combined, the E-plane metal-insert section, the

H-plane iris dkeontinuity, and the H-plane T. The theory includes the

finite thickness of the diaphragms as well as the higher order mode

interaction of all dkcontinuities within the complete diplexer structure.

Computer-optimized design data are given for diplexer examples in Ku-

band (12- 18 GHz) and E-band (60-90 GHz), designed for more than 23

dB common port return losses. The theory is verified by measured results

for a five-resonator Ku-band diplexer.

I. INTRODUCTION

T HE RECTANGULAR waveguide H-plane T-junction

connected diplexer is an old and proved design [1]-[4]

where commonly inductive iris or post coupled cavity

channel filters [1] are used. Increasing progress in the

construction of channelized receivers, especially at higher

frequencies, however, has promted the need for compact

and low-cost diplexers utilizing quasi-planar printed-cir-

cuit filter components [5]–[12]. Previous designs are based

on quadrature hybrid [5]–[8], open E-plane tee [9], open

H-plane tee [8], [10], and suspended probe coupling tech-

niques [11], [12]. Additional coupling structures may cause

additional loss and cost [5], [13]; open T-junction feeds are

often difficult to match [2], [9], [10].

This paper describes the rigorous design of a class of

slit-coupled H-plane T-junction diplexers (Fig. 1) with

E-plane metal-insert filters in the main arm (“common

junction type,” Fig. l(a)), in the side arms (“manifold

type,” Fig. l(b)), dnd in the main and side arms (“mod-

ified common junction type,” Fig. l(c)). The slit-coupled

H-plane T junction is a particularly useful circuit for this

kind of diplexer since the same group of modes (TE~O) is

excited at the discontinuities as within the filter sections.

Only three field components are required in the computa-

tions, which therefore reduces the computing time involved

considerably. Moreover, the junction effects may be well

compensated. E-plane integrated metal-insert filters
achieve low insertion loss because of the absence of sup-

porting dielectrics [9], [14] -[16].
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Previous design methods for diplexers using printed-cir-

cuit filters are based on empirical [5] or equivalent circuit

techniques [6]–[8], [14], cr on approximate methods for the

feeding structures [10] -[1.2]. To ensure good overall perfor-

mance, however, it may be desirable to include rigorous] y

the loading effects of the filter structures as well as the

higher order mode interactions between them and the

feeding transitions. Moreover, rigorous design methods

yield the advantage of utilizing the full mutual compensa-

tion potential inherent to the structure, and allow the

stopband characteristics of the filters to be included in the

diplexer design.

The computer-aided design method described, which k

based on the field expansion into suitably normalized

eigenmodes and the gemeralized modal scattering matrix

formulation of interacting structures, has already been

applied successfully in solving various waveguide scatter-

ing problems [15], [18], [1 9], [22]–[25]. This paper compiles

those aspects of the theory which are relevant for designing

the class of diplexers shown in Fig. 1. Although the modal

S matrices of the individual H-plane step discontinuities

are already available in [15], [18], and [19] and may be

combined, therefore, by homogeneous waveguide sections

between them [15], [18] or by superposition techniques

[12], [25], respectively, it is numerically more adequate to

use the appropriately composed key building block ele-

ments directly: the E-p] ane metal insert of finite length

and thickness, the inductive iris of finite thickness, and the

H-plane T.

The immediate modal S-matrix combination [15],, [18] of

the interacting key building block elements avoids numeri-

cal instabilities in the calculations. For computer optimiza-

tion, the evolution strategy method [15], [18], [21] is uti-

lized, where no differentiation step is necessary, and the

problem of local minima may be circumvented. Desig,n

examples for optimized diplexers for Ku-band (12–18 GH:z)

and E-band (60–90 GHz) waveguides are given. The the-

ory is experimentally verified by measured results of a

Ku-band manifold-type diplexer.

Il. THEORY

Along the waveguide discontinuities of the slit-coupled

H-plane junction connected diplexer structures (Fig. 1),

only TEmO modes are excited [20] for TEIO mode incidence

at the feeding port. For the H-plane cross-sectional discon-

0018-9480/88/’1 200-1833 $01.00 @J1988IEEE



1834 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO, 12, DECEMBER 1988

v v

9

P~A SC3 S33

hF2

(a)

r& s,

-.

‘o
o SBF1

II
I--&

(c)

Fig. 1. Slit-coupled H-plane T-junction connectdd diplexers with E-
pkme metal-insert filters. Composed modal scattering matrices. (a)
Filters in main arm (common junction type). (b) Filters in side arms
(manifold type). (c) Filters in main and side arms (modified common
junction type).

tinuities in Fig. 2(a) and (b), for the homogeneous wave-

guide subregion under consideration, the fields [20], [24]

E=v x(~hz)

ti= – +V xv X(@hz) (la)

may be derived from the z component of the magnetic

vector potential

where o=l,2,. ... M.( M. = total number of subregions at
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Fig. 2. Key building block structures for the calculation of the overall
scattering matrix of the diplexers, (a) Metal strip coupling section of
finite length. (b) Inductive iris coupling section of finite length. (c)
H-plane T junction.

the corresponding discontinuity, e.g. MS= 3 at z = O of
Fig. 2(a)), and i“ is the index i for the 1° TEO modes

L/.

considered in each subregion.

For the H-plane T junction (Fig. 2(c)), it has turned out

to be adequate [19], [25] to utilize the field relations [20]

E=v xv X(rt,,)

17=j(dtvx(rIey) (lb)

for the y component of the electrical Hertzian vector

potential

H:, = ~N,~,,. (T$. A~~.. e 7 Jk;,OP
1 (2b)

/.

The symbols N and T in (2) denote, respectively, the

normalization factor due to the complex power and the

eigen~unctions in the corresponding subregions; A * are

the amplitude coefficients of the forward and backward

waves at the discontinuity under consideration (Fig. 2); k,,

kq are the wavenumbers of the corresponding TEZO modes;. . . ~
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q and p in (2b) denote the corresponding cross section

and propagation expressions, respectively, for the H-plane

T (Fig. 2(c)). These kinds of discontinuities in Fig. 2 have

already been explicitly treated in [15], [18], [19], and [25];

for further details, the reader is referred to the literature.

By matching the tangential field components at the

common interfaces at the individual step discontinuities,

the wave amplitude coefficients of (2) can be related to

each other by taking the orthogonal properties of the

modes into account [20]. This yields the modal scattering

matrices [15], [18], [19] of the individual discontinuities

(Fig. 2).

The composed modal scattering matrices of the key build-

ing block filter coupling section elements, metal strip (Fig.

2(a)) and inductive iris (Fig. 2(b)) of finite lengths, are

usually calculated indirectly by combining the related ma-

trices of the individual discontinuities: the scattering ma-

trix at z = O, the scattering matrix of the homogeneous

waveguide section(s) of finite length 1, and the scattering

matrix of the inverse structure at z = 1 [15], [18]. However,

in order to reduce the numerical requirements, it is more

adequate to utilize the related modal S-matrix expressions

directly, as given below:

where the index n = 1 denotes the elements of the strip

section (Fig. 2(a)) and n = 2 those of the inductive iris

section. The submatrices of the two key building block

filter elements of Fig. 2(a) and (b) are elucidated in the

Appendix ((A1)-(A1O)).

The relations for the modal scattering matrix of the key

building block H-plane T (Fig. 2(c)) are derived analo-

gously to the E-plane T junction [22] by superimposing on

the field in the cavity region R three suitably chosen

standing wave solutions [19], [25]. The mod

the H-plane T is given by

[ )1

(A;-) (sll), (s12), (s,3),

(A;’-) = (s,,), (&2), (w,

(A;ll-) (~31)h (s32)h (s33)h

S matri

1 (Aj+)

(A;l+)

(A;ll’)

(4)

where the submatrices are also explicitly given in the

Appendix ((Ail)-(A29)).

For calculating the complete diplexer structures of Fig.

1, a direct combination of the modal scattering matrices of

the key building block elements and of the intermediate

homogeneous waveguide sections involved is used [15],

[18], [23]. The general relations, which may be used itera-

tively to combine the two- and three-port modal scattering
matrices of the diplexer structures (Fig. 1), are already

formulated in [23]. The relations in [23] require only one

matrix inversion per modal S matrix involved.
A computer program was written using the preceding

relations and utilizing the evolution strategy method (cf.

[15], [18], and [21]) for optimizing the geometrical parame-
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Fig. 3. Convergence behavior. Common port transmission coefficlen ts
&l (A A A) of the diplexer example of Fig. 4, and &l (+ ++) of tile
example of Fig. 6(a), at ~ = 16 GHz, as a function of the number of
TE~O modes taken into account

ters of the diplexers fcm given specifications. Sufficient

asymptotic behavior has been obtained by consideration of

45 TEmo modes at all discontinuities. This is demonstrated

in Fig. 3 by plotting the behavior of parameters which alre

very sensitive to the number of modes included. Examples

. of this are the overall fundamental mode scattering param-

eters Szl (A A A) of the diplexer example of Fig. 4, and

S31 (+ + +) of the diplexer example of Fig. 6(a) at a high

frequency within the waveguide band under consideration

at, for instance, f =16 G Hz as a function of the number of

TE~O modes taken into account. The relatively high num-

ber of modes required indicates that the mutual higher

order mode interaction at such complicated structures

cannot be neglected if reliable computer-optimized design

data are desired.

III. DESIGN AND WSULTS

The computer-aided design is advantageously carried

out in two steps by an optimization program which applies

the evolution strategy method, i.e., a suitably modified

direct search procedure [15], [18], [21]. In the first step, the

individual filters are optimized according to the given

specifications. These results are utilized for the initial

values in the second step, which comprises the total diplexer

structure. The error function to be minimized in the first

step is based on the calculation of the corresponding filter

transmission coefficients,, in both passband and stopband

[15], [18]. For the overall diplexer optimization in the

second step, the error function is based on the most critical

design criterion, the return loss behavior of the common

diplexer port within the frequency bands under considera-

tion.

For given waveguide dimensions, metal insert and iris

thicknesses, the parameter vector (1) to be optimized

includes: 1) the coupling section and resonator lengths for

the E-plane metal insert filters, in the first optimization

step; 2) the widths and location of the inductive irises in

the junctions; 3) the distance between the irises and tlhe
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Fig. 4. Computer-optlmlzed Ku-band common Junction type diplexer
with two seven-resonator E-plane metal-insert Filters. Common port

scattering coefficients Szl and &l compared with the corresponding
single transmission coefficients of the individual filters (A A A). The
filter dimensions are given in Table I.

a =15.799 mm, b= 7.899 mm, t=l mm

filter 1 :~o =15 GHz, B/~O = 0.012
filter 2:~0 = 15.44 GHz, B/f. = 0.0117

WI =13.219 mm. Cl = 8.664 mm, dl = o.31o9 mm
W2=12.886 mm, C2= 6.258 mm, dz = 0.8168 mm

w? =12 265 mm, C3= 3.142 mm

(t” = midband frequency; B/f. = relative bandwidth).

i
14’75 15’00 15’25 15:50 1575

related first filter section; and 4) the corresponding lengths

of all waveguide segments between the junctions and be-

tween the irises and the junction discontinuities. Parame-

ters 2) to 4) are optimized in the second optimization step.

An optimization strategy factor H, a weighting factor G,

and a standard random variable r = ( – 1, +1) influence

the alternation of the parameter vector (2) during the

optimization process with the deviation u = H. G [21]. The

strategy factor H is modified during the optimization

program in order to control the speed of convergence.

After one or more successful trials, within every three
preceding mutations, L? is doubled; for more than three

unsuccessful trials, H is halved [21]. The weighting factor

G maybe utilized to modify the variation of the individual

parameters (Z). The resonator length variation of the

filters should be less than the variation of the coupling

sections if, for instance, the ripple behavior has to be

improved while the midband frequency behavior of the

filter is already satisfactory. The new parameters (~) ~eW

are calculated at each iteration step by

(=).,*= (=).,, - r“(x)o,~”u (5)

where (i) .l~ are the preceding parameters. Initial values

f / [CHZ] ~

Fig. 5. Computer-optimized Ku-band manifold type diplexer with two

seven-resonator E-plane metal-insert filters, Common port scattering
coefficients ,S~l and S31 compared with the corresponding single trans-
mnslon coefficients of the individual filters ( A A A). The filter dimen-
sions are given in Table I.

a =15.799 mm, b = 7.899 mm, t =1 mm

filter l:fo = 15GHz, B/~O = 0.012
filter 2: ~0 = 15,44 GHz, B/~O = 0.0117

II =15.672 mm, WI =11.911 mm, c1 = 5,399 mm, dl = 22.671 mm

[k = 0.052 mm, W2= 12.2 mm, C2= 2.871 mm, dz = 0.052 mm

(/0 = midband frequency; B/~O = relative bandwidth),

for H and G are chosen to be H= 0.01 and G =1. If the

error function is minimized three times by less than 0.2

percent, the result is interpreted as a local minimum. H is

then multiplied by a large factor (between 10 and 100),

which is suitably chosen to guarantee a new start of the

optimization outside the local minimum. So the optimiza-

tion process begins again for a different, perhaps better,

parameter range. Note that in order to maintain physically

realistic parameters, an appropriate variable transforma-

tion [21] is utilized.

Fig. 4 shows the results of a computer-optimized Ku-

band (12 GHz–18 GHz) common-junction-type diplexer

design example with two seven-resonator metallic E-plane

filters in the main arms of the waveguide (R140 waveguide

housing: 15.799 mm x 7.899 mm). The filter dimensions

are given in Tables I and II. For a verification of the

theory, the common port transmission coefficients, S’ll and

S’ql of the diplexer (solid lines), are compared with the

corresponding single transmission coefficients (A A A) of

the individual filters. Good agreement may be stated. The

minimum common port return loss in the passbands of the

diplexer is 23 dB. Higher return losses maybe obtained by

a subsequent optimization of the filters. However, in order
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Fig. 6. Computer-optimized modified common junction type diplexer with two seven-resonatc,r E-plane metal-insert filters.
Common port scattering coefficients & and &l compared with the corresponding single transmission coefficients of the
individual filters (A A A). The filter dimensions are Liven in Tables I and II, res~ectivek. (a) Ku-b~d design example:
a =15.799 mm, ~ = 7.899 mm, t = 1 mm. Filter 1 :~~ = 15 GHz, B/~O = 0.012. Filter 2;f = 15.44 GHz, ll~~o = 0.0i17,

wl = 9.839 mm, CI = 3.625 mm, dl = 9.5 mm, W2= 12.934 mm, Cz = 3.686 mm, dz = 5.236 mm. (b) E-band design example:
u = 3.099 mm, b =1.549 mm, t = 0.2 mm. Filter 1: f. = 75 GHz, Il\fO = 0.00893. Filter 2: f. = 76.8 GHz, /B~o = 0.00872,

W, =1.959 mm, c, = 0.781 mm, d, = 1.97’0 mm, W, = 2.442 mm, c, = 0.790 mm, d? =1.022 mm ( f~ = midband frequency:
B>fo = relative bkdwidth). “

. .

TABLE I
COMPUTER-OPTIMIZED DIMENSIONS (IN MM) OF THE METALLIC E-PLANE

FILTERS FOR THE KU-BAND DIPLEXER EXAMPLES

to compare the different diplexer configurations with each

other, identical filter structures for the three different types

of diplexer examples in Figs. 4, 5, and 6(a) have been

utilized (cf. Table I).

The computer-optimized Ku-band manifold-type di-

plexer design example (Fig. 5) yields a common port

minimum return loss of 25.1 dB, by using the same filters

as in Fig. 4. The best internal compensation potential has

been observed in the modified common-junction-type

diplexer (Fig 6), which achieves in its Ku-band design

version (Fig. 6(a)) a minimum common port return loss of

26.1 dB, and in its E-band (60-90 GHz) version (Fig. 6(b))

26.8dB. Moreover, the not very distinct first (or last)

minimum of the return loss obtained, which is otherwise

typically about 30 dB (Fig. 6(a) and (b)) by using the same

filters as those of Figs. 4 and 5, indicates that a subsequent

filter optimization may yield a further improvement of the
minimum return loss value. Again, the transmission coeffi-

cients, Szl and S31 (solid line), demonstrate good coinci-

dence with those of the individual filters ( A A A) in Figs. 5

and 6(a).

The theory is verified by comparison of the calculated

with the measured common port transmission coefficients

I I

Filter 3

I

Filter 4

tiu - Band 5 5

s 0,190 0.190

S,:s 3111 3.696

s: = Sn 9979 11.s19

S3 , s“-: 11 446 13.21S

s, ~ s::;

R,-R 8 9S5 7 742

Rz = Rn
n- I

8968 7 717

R3 z Rn. z 8.968 7 715

R 4

Filter 1

7

resonators
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3.s07

10971
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Filter 2
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TABLE II
COMPUTER-OPTIMIZED DIMENSIONS ON M@ OF THE METALLIC E-PLANE

FILTERS FOR THE E-BAND DIPLEXER EXAMPLE

Filter 1 Filter 2

E - Band 7 7

resonators resonators

Fig. 6b 6b

so 0.040 0.040

S,=s
n

0.731 0.780

S,=s
n-l

2.260 2.371

S;=s
n-2

2.601 2.729

S4=S 2.674 2.810
n–3

R,=R 1.8S4 1.741

R: = R:_, 1.857 1.743

R3. R 1.8.57 1.743~–~
R4 1.8S7 1.743

of a computer-optimized Ku-band manifold-type diplexer

with five-resonator filters (Fig. 7(a)). The measured mini-

mum return loss was about 17 dB in the first, and 20 dB in

the second passband. Although the typical fabrication

tolerances of the filter and matching structures, for this

example, are within +0.02 to ~ 0.1 mm, relatively good

agreement between measurements and theory may be

stated. The diplexer (Fig. 7(b)) has been realized by using a

computer-controlled milling machine for the waveguide

housings; the metal inserts of the filters have been fabri-

cated by metal-etching techniques. The material of the

190-p m- thick sheet metal is 99.9 percent pure copper.

IV. CONCLUSIONS

The modal S’-matrix method described achieves a rigor-

ous computer-aided design of a class of rectangular wave-

guide slit-coupled ET-plane T-junction diplexers utilizing

E-plane metal-insert filters. This type of filter permits

low-cost manufacturing by accurate and inexpensive

metal-etching techniques. The optimization process takes

all relevant influences of the complete diplexer structure

rigorously into account, such as the finite thickness of the

metal inserts and irises and the H-plane T-junction tifect.

Moreover, the inclusion of the higher order mode interac-

tions at all discontinuities involved yields the advantage of

utilizing the full mutual compensation potential inherent

in the structure, and allows the stopband characteristics to

be included in the diplexer design. Design examples for

Ku-band (12–18 GHz) and E-band (60–90 GHz) demon-

strate the usefulness of the design method. The theory is

experimentally verified by a realized diplexer component

at Ku-band.

APPENDIX

A. Submatrices in Equation (3)

(LJ=KIZ-E-LIE+I)-lU] (Al)

(S,2)=ZU[E -( E+ X)-’(X-E)] (A2)

120 c1 Ku - Band
—1 l—

— calculated

+ measured

40 – +

20-

lo–

0 I
14.75 15,00 15.25 15,50 15.75 16.00 16

f / [GHZ] ~

(a)

25

(b)

Fig. 7. Computer-optimized and realized Ku-band manifold type
diplexer with two five-resonator E-plane metaf-insert filters, (a) Calcu-

lated common port transmission coefficients S’21 and S31 compared

with the measured results ( + + + ) (filter dimensions in. Table I):

a =15.799 mm, b= a/2, t=lmm
filter 3: ~0 = 15 GHz, B/f. = 0.017
filter 4: ~0 = 15.85 GHz, B/~O = 0.016

[1 =15.920, WI =11.012, Cl= 5.745, dl = 20.018
tk = 0.039, W2 =12.202, C2 = 2.517, dz = 0.049
(all dimensions in mm),

(b) Photograph of the realized component.

with the abbreviations

!?= [E+ X- U(E+Z)-lU]-l, ~ = unit matrix

(A3)

~= f @(y~+J&~~@(&~)’ (A4)
1<=1

where t denotes the transposed matrix, and L denotes the

subregion L in Fig. 2(a) and (b) left from z = O.
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For the case of the metal strip section of finite length

(Fig. 2(a)), the subregions in the middle section to be

considered are included by choosing M = II. For the case

of the inductive iris section (Fig. 2(b)), M has to be chosen

to be M=I.

k=l

with

xk=(&wkwk)-l (A6)

where ~ is the diagonal matrix of the homogeneous

wavegulde sections of finite length 1 with the elements

containing the phase terms

The matrices

QLk=@yL~;@zk (k= I, II) (A8)

contain the diagonal matrices with the wave impedances

z,

and the matrices with the coupling integrals

where k, is the wavenumber of the TE~O modes in the

subregions [20], T~ is the corresponding eigenfunctions of

the TE~O modes in the subregions [15], [18]–[20], and Fk is

the area of the common interface of the subregion k at the

corresponding step discontinuity.

B. Submatrices in Equation (4)

(%), = (MJ!l+M2) (s,2), = (M,N2+ M3)

(%), =( LW3+MJ (All)

(s2, ),= (M4Z!?I+M3) (%2), = (M4N2+M2)

(%3), =( M4N3+MI) (A12)

(%), =NI> (s31)h =&2,

(s33)h=N3 (A13)

with the abbreviations

A41 = – ~l~ll,lllD’, m + ~2~I,mD’, III— — (A14)

~2 = @lpy’ =– p2p’’&-1 (A15)

iW3 = – &l~y’I&-l + p2py’~ (A16)

~~ = ~1~ I.KIIQ ‘, m – ~z~ ll,lllD Y, 111— (A17)

&l =x( – &111,1~y,1~2 – KIIIJI~’J~3 – ~IIIJ~’J)—

(A18)

~2 =x( – ~111,1@y,I~3– KIIIJIDyJ~2 – @JI~yJ)— —

‘(A19)

& =x( – ~ nI,Ip ‘,1,~1 _ ~ IILII~ Y,I~4 + D Y,IIIDeIII -- 1 )
—

- (A20)

Z= ( ~111,1~’,1~1 + ~III,IIDY,I~4 _ DY, IIID,III) ‘1
— — ——

(A2rl)

n77 177

k;;l’’=(-l)”K~lll (A23)

pm = -(-l) nKy’I.

(A2,4)

(A25)

The elements of the diagonal matrices Q “I,Qy’ III,Q ‘I, and

~eIII are given by

[“ .)

&~= - e]k:m2q

D ,111=
.

.

(A26)

(A27)

-Diagonal matrices @l and Q2 are given by

~1 = Del-1~2 (A28)—

~2 = (DYID’’l)-’(E - Del-~c1-’)-’ (A29)— — — —
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