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ABSTRACT

An efficient and rigorous modal S-matrix method for the design
of elliptic-function type E-plane filters is introduced. By supple-
menting conventional metal insert filters with inductively coupled
stopband sections, the component achieves both, improved skirt
selectivity and compatibility with millimeter-wave intregated cir-
cuit manufacturing processes. The theoretical treatment includes
the finite strip thickness of the insert as well as higher-order mode
interactions at all discontinuities involved. Ka-band structures

with two and four attenuation peak responses are presented as
design examples.

1. INTRODUCTION

Channel selecting or separating networks, such as input and
output multiplexers, often require filter components with extremely
high skirt selectivity, e.g. [1]-[3]. At microwave frequencies, com-
mon realizations comprise iris-coupled circular waveguide cavities
[4] or dielectric loaded circular waveguides [5, 6], both in dual-
mode operation. These designs, however, require tuning and/or
coupling adjusting screws which are appropriate at microwave
frequencies but which will certainly lead to difficulties in case
of millimeter-wave applications, when the tuning screw diameter
(e.g. 1mm) approaches the waveguide cross-sectional dimensions
(W-band height = 1.27mm). Therefore, different technologies
must be used for high skirt selectivity filters in the millimeter-
wave range.

Here, all-metal insert E-plane integrated circuit filters (7] are
well established low-cost, low-loss and mass-producible compo-
nents. Numerical design calculations [8] are in extremely close
agreement with measurements (up to 150 GHz) [9], and steps
have been taken to improve the passband separation as well as
the stopband attenuation [10, 11]. Achieving higher selectivity
with these filters, however, is difficult. Increasing the number of
resonators usually leads to higher insertion loss [12], and metal
insert filters are not suitable for dual-mode operation. One way
to accomplish improved skirt selectivity, though, is to add stop-
band circuits which can provide attenuation peaks in the overall

ZUSAMMENFASSUNG

Es wird eine effiziente und strikte modale S-Matrix
Methode zum Entwurf von E-Ebenen Filtern, die dem Typ
elliptischer Funktionen-Filter entsprechen, vorgestellt. Durch die
Erganzung konventioneller Metallstegfilter mit induktiv gekop-
pelten Sperrbereichsgliedern erreicht diese Komponente sowohl
verbesserte Flankensteilheit als auch Kompatibilitit mit dem Her-
stellungsverfahren von integrierten Millimeterwellen-Schaltungen.
Die theoretische Formulierung beinhaltet die endliche Metal-
lisierungsstiarke des Einsatzes wie auch die gegenseitige Beein-
flussung von Moden hoherer Ordnung an simtlichen Diskonti-
nuitaten. Als Entwurfsbeispiele werden Ka-Band-Strukturen mit
zwei- und vierfachen Dampfungsspitzen prasentiert.

frequency response. This can be achieved by mounting slot- or
iris-coupled waveguide resonators on top of the filter housing (13].
A different approach using two-path cutoff waveguide dielectric
resonator filters is proposed in [14]. However, none of these struc-
tures 1s suitable for E-plane integrated circuit fabrication.

Recently, a new E-plane metal insert filter design concept has
been introduced 20|, which accomplishes both, improved skirt se-
lectivity and E-plane compatibility with the millimeter-wave inte-
grated circuit manufacturing process. Since the attenuation peaks
in the bandpass response are obtained using inductively coupled
waveguide resonators rather than slot-coupled cavities, the pla-
nar filter structure etched from a metal foil can be sandwiched
between the two parts of a waveguide split-block housing (Fig.

1).

This contribution focusses on the computer-aided design pro-
cedure for elliptic-function-type E-plane filters. Based on a numer-
ical description of the electromagnetic field within the structure,
the mode-matching technique is applied to include higher-order
mode interactions and the influence of the finite strip thickness.
The design is carried out by numerically analyzing a configuration
while its parameters are varied by an optimization routine until
a specified filter response is obtained [12]. Due to the fact that
only the modelling of the discontinuities rather than the homoge-
neous waveguide sections requires a large number of higher order

modes during the analysis, the design software is fully operational
on modern 386-type personal computers.
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2. THEORY

The field theory treatment of the elliptic-function-type E-plane
filter structure is based on a selected-mode scattering matrix anal-
ysis. The utilized superposition of longitudinal-section TEZ
modes (waveguide bi-furcation [8, 9]) and TE]_, modes (E-plane T-
junction [15]) requires the electric field components in x-direction
to be zero. Provided that the component is operated in the
monomode range of the waveguide housing, then the above as-
sumption is virtually true if ds, &, €n,ds > b (c.f. Fig. 1).

Hence the resulting five field components of the TEZ -mode
spectrum may be derived from the vector potential Ay, = A,.e-

E = v x(Ans)

= J =

H = —gxvx(Ané) , (1)
w

which is expressed in terms of the eigenfunctions of the individual

homogeneous subregions:
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In (2), é,n is the Kronecker delta, V., and R,,, are the am-
plitudes of forward and backward traveling waves, respectively,
k:mn 18 the related propagation constant in that subregion, and
k:m equals 2mm/(a — t) in metal insert sections or (2m — 1)7/a
in waveguide sections to account for the y — 2-symmetry plane at
z = af2 (Fig. 1). A,.. is a power normalization term which is
required to satisfy the general modal scattering matrix relations
outlined in [16].

Although the choice of the same waveguide height b for the
filter section (& — £x) as well as the E-plane stubs (d, — dg) is not
a restriction for the field theory description, two design consider-
ations are favorable associated with the pre-specification of these
parameters: First, the computation time is considerably reduced,
since the modal scattering matrix for the bi-furcation can be used
for both the filter and the stub sections by exchanging y and =z
in (2). Hence this part of the calculation need be computed only
once. Second, the unloaded Q’s of stubsection and filter resonators
are identical since the same waveguide cross-section is used.

In order to analyse the overall filter response, general mode
matching techniques are used. Since the modal scattering matrices
of connecting homogeneous media of different cross-sections and
those of resonator regions formed by T-junctions have already
been presented in [16] and [17] respectively, only the formulas to
be computed for the present configuration are given in this section.

a) Waveguide bi-furcation

Since the filter structure is symmetrical with respect to z =
a/2, the waveguide bi-furcation discontinuity can be described by
the modal scattering matrix (Sp) of a two-port.

Spn = [LgLg +I)7YLgLy — 1)
Spi2 = 2[LgLyg+I'Lg

Spn = l—ﬁﬂu
Spi2 = I—LySpy, (3)

In (3), I is the unit matrix and the elements of matrices Lp, Ly
are given by
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Combinations of integers mn, kn in (4) are assigned one matrix
element, e.g. (Lg): ;-

b) Metal insert of finite length

The modal scattering matrix (S,,) of the metal insert of finite
length & can be calculated by using (3) for both discontinuities.
As a result, the following submatrices are obtained.

§.,M11 = §Mﬂ = HS_DH + iﬂu E.” :S.DH w E” S pa1
iS..M'H = .*E.le =Sp1s W R" ﬁﬂﬂ (E]
with W = [I—-R"Sp,, RY Spaa] ™ (9)
and RY = Diag {exp(—jk_-£)} (10)

The diagonal elements of R are again formed by combinations
of kn.

c) Input reflection matrix of E-plane stubs

The input reflection matrix Sg¢;; of the E-plane stubs d; — d5
(c.f. Fig. 1) is computed by replacing £ by d; in (8) - (10), and
by using the modal scattering submatrix Rs- and the submatrix
of the empty waveguide section R’ of length ds.

Rsc = Diag {—exp(—j2k!,..d1)}
R' = Diag {exp(—jk! . .ds)} (11)

Then Sy, is given by

Ss11 =B {Sani+Sus Reell— Sy Rsel S} R (12)

which, of course, holds for the second stub section when dy — ds
is replaced by d — ds.

d) Stopband section

A stopband section consists of one T-junction and one E-plane
stub. The resulting circuit is a two-port with modal scattering
submatrices given by

Sei Sca2 =811+ 8138111 — 5_53.5311!_1&1

Sea1 = Sgi12 =821+ S23Ss1|L— Ss3Ss11] ' S, (13)

where Sg;; is given by (12), and S;, are the submatrices of the
three-port waveguide T-junction given in the Appendix.

Finally, the two-port matrices of the symmetrical filter sections
(¢; = €x—;) and the stopband sections are successively combined
by an algorithm requiring only one matrix inversion per cascaded
two-port [18].

In the computer analysis only the two general discontinuities
involved are calculated with up to M = 45 and N = 25 modes.
In detail, the following modes are selected: TEf, to TEZ;, and
TEf, to TE{, for the waveguide bi-furcation (eqns. 3 - 7); and
TEf, to TEG, and TE], to TEf,; for the T-junction. For all
S-matrix combining algorithms, however, only the lowest 9 modes
are selected (5 types of the TEZ ,-mode spectrum and additional
4 types of the TEf , -mode spectrum). Due to the basic five
field component assumption (ds,&,&n,ds > b), this procedure
provides results within the plotting accuracy compared with a
full-node analysis, e.g. [19], and allows the software to be opera-
tional on 386-type personal computers, where at a clock rate of 20
MHz approximately five minutes are required for one set of input
parameters.
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Figure 1
Millimeter-wave E-plane filter with elliptic-function-type response
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3. DESIGN

Rather than optimizing the structure as a whole, the following
procedure has turned out to be efficient and reliable for the design

of elliptic-function-type E-plane filters.

a) Design of the filter section (£;—£y_;) by using the optimiza-
tion method described in [12].

b) Design of the stopband section by setting d,; as well as ds +b
equal to the guide wavelength at midband frequency. The
coupling section d; should be made as short as possible.
This value usually falls in the order of magnitude of the
strip thickness. Due to the influence of the strip, the final
values of dy and d3+b are slightly lower than one wavelength.

c) With the dimensions obtained in steps a and b the complete
structure is designed by varying £, and €y only. Usually,
¢y = €y is a good choice.

It should be noted that no optimization strategy is necessary
for steps b and ¢c. A final optimization run, however, provides
better return loss responses.

4. DESIGN EXAMPLES

As has been shown in [20], one stopband section can pro-
duce two attenuation peaks in the filter response if tight cou-
pling (d;, ds in the order of magnitude of the strip thickness) is
used. A Ka-band example with identical stopband sections is pre-
sented in Fig. 2. Although the conventional metal insert filter
(dashed lines) shows slightly better performance in the vicinity of
the passband, the attenuation peaks of the elliptic-function-type
design (solid lines) significantly improve the skirt selectivity of the
component while maintaining an acceptable return loss behavior.

For more narrow-band applications, the attenuation peaks need

to come closer to the filter band edges. This solution is presented
in Figs. 3. By selecting different midband frequencies for the
two stopband stubs (Fig. 3, top) one attenuation peak of ei-
ther stub approaches the filter passband at 33 GHz. As a result,
Fig. 3 (bottom) presents the four-peak filter response obtained.
Due to the finite bandwidth of the stopband sections, however,
the passband ripple is increased significantly to 1.6 dB compared
with an approximately flat response of the conventional filter type.
Therefore, it is recommended that the application of the elliptic-
function-type E-plane filters presented here be restricted to band-
widths greater than one percent.

5. CONCLUSIONS

An efficient modal scattering matrix procedure for the design
of elliptic-function-type E-plane filters has been presented. Since
only the significant modes are selected to describe the actual elec-
tromagnetic field within the structure, the design software is op-
erational on modern personal computers. The structure itself is
compatible with millimeter-wave integrated circuit manufactur-
ing processes and is expected to be well suited for applications up
to 100 GHz. Ka-band design examples demonstrate the superi-
ority of the elliptic-function-type design when compared with its
conventional counterpart.

APPENDIX

Submatrices S;; in (13):

For this application where the three ports have identical cross-
sections, the calculation of the general scattering matrix of the
T-junction can be simplified. Assuming that port 3 is pointing in
the y-direction (Fig. 1), the following identities are obtained:

211 = S92, Sys = Sys = 541 = S3,, ﬁn = Sy3

Hence, only S;,, S;3, S3; and S;; need to be calculated to com-
pute the stopband section scattering matrices in (13).

Sn = —[Ds A+L'U—Dp+1)™"
[QEA'I‘LIE—_D_T_E]

Sis = —[Ds A+ L'U—-Dy+1]7'Ds C+ L'(B+I)]

So = £H§h14'l]

Ss3 = U S;s+B

Here, I is the unit matrix and

= K{L”[I—QT]HL,I” ".Qs}
V{L+ Dy + L"[I - Dy|7' L™}
V. L"{I+ (I - Ds|™'(I + D]}
v{L" — LI - Dy Ds}
= {I—-Dp—L“[I- D L"}

SIS Q| P
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The coupling matrices L' — L'/ are given by
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Again, the combinations (mn, mi) are related to one matrix ele-
ment. Finally, the elements of the two diagonal matrices read

(Ds)mn = Diag {j/sin(k’__b)}
(Dy)mn = Diag {j/tan(k! b))}
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Optimized Ka-band filter with two identical stopband sections;
solid lines: this design, dashed lines: conventional metal insert

filter for comparison.

a — 2b = 71121]:1111, I = 127[.1,111, dl — d4 = 10921111111, dg —
d5 — 0161111'[1, d3 = d5 — 7.365111111, ﬂo — 23 — 9086111111, El = f
= 1.561111111, Ez — Eﬁ = 4.1981'[1111, £3 == 25 = 4.875111]11, £4 —

4.202mm.
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Optimized Ka-band design comprising different stopband sec-
tions; top: response of stopband circuits only; bottom: inser-
tion loss of the complete filter structure (1) and a conventional
filter (2) for comparison.

. — 2b = 7.112mm, ¢ = 127um, d; = 11.232mm, d; = ds =
0.13mm, d3 — 7676111111, d4 — 1053711111’1, ds = 6.981mm, Eo —
Eg = 0.286mm, £1 — ﬂ;r = 1.501mm, Eg — -65 — 4.1981]1111, £3 = 65
= 5.175mm, {4 = 4.202mm.
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