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Abstract: A computer-aided design is introduced for E-plane filters with single and double metal inserts within
a reduced-width or increased-width waveguide section, respectively. This design achieves filter performances
with high peak attenuation in a broad second stopband. The theory described includes both the higher-order
mode interaction of all discontinuities and the finite thickness of the inserts. The step-wall discontinuity effect is
included in the optimisation process as an additional parameter to be optimised. Ka-band (26.5-40 GHz) design
examples demonstrate the good stopband attenuation behaviour of this type of filters. Moreover, this design
only requires thin strips, which are very appropriate for technical realisation.

1 Introduction

All-metal inserts integrated in the E-plane of rectangular
waveguides yield low-cost mass-producible millimetre-
wave filters with low passband insertion loss [1-6].
However, as the filter resonators are coupled by way of
evanescent fields along the inductive strips, high attenu-
ation specifications in the second stopband are difficult to
satisfy, especially by filter performances designed for pass-
bands near the upper end of the waveguide band. This is
due to unwanted direct coupling of modes along the strip
sections with progressing frequency if the distance
between the strips and the waveguide side walls is no
longer negligible compared with the guide wavelength. To
alleviate this problem, the waveguide width in the vicinity
of the strips may be reduced, as has been suggested by the
authors [7]. However, in Reference 7 linear taper sections
are used to match the waveguide sections of different
width. This requires additional mechanical efforts and thus
may offset the low-cost advantage of the E-plane inte-
grated circuit filters. Moreover, the taper sections compen-
sate the inductive junction effects of the discontinuities,
which may be advantageously utilised as an additional
optimisation parameter.

In this paper, therefore, an abrupt discontinuity
between the waveguide sections in question (Fig. 1) is used.
This is more appropriate for a convenient mechanical con-
struction than a smooth section. The step-wall disconti-
nuity effect is utilised directly as an additional parameter
for designing filters with high stopband attenuation. More-
over, for all designs with improved stopband attenuation,
only thin strips are required which are very appropriate
for production by photoetching techniques.

The abrupt step-wall discontinuity E-plane filter type
may also be advantageously utilised to improve the stop-
band attenuation for filters with passbands near the lower
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Fig. 1 E-plane metal-insert filters in waveguides with abrupt step-wall

discontinuity

a Waveguide and metal insert

b Abruptly reduced waveguide width; high stopband attenuation filter type for
passbands in the near of the upper band end of the original waveguide (width a);
scattering matrices:
S5! discontinuity change in waveguide width (broad to small)
S"¢ homogeneous waveguide section
SM' metal-insert section of length I, (including the discontinuities waveguide to

E-plane bar section and back to waveguide)

§52 discontinuity change in waveguide width (small to broad)

¢ Abruptly increased waveguide width; high stopband attenuation filter type for
passbands in the near of the lower band end of the original waveguide (width a)

d Configuration for the field theory treatment of the step-wall discontinuity
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band end of the original waveguide. For this design,
however, the side-wall distance of the waveguide housing
in the vicinity of the strips needs to be increased (Fig. 1c).
This is due to the nonlinear relation between guide-
wavelength and frequency which may be favourably influ-
enced by a suitable reduction of the cutoff frequency of the
fundamental mode within the filter resonators. High stop-
band attenuation over the whole waveguide band is
achieved by utilising the double-insert filter type [5, 7] for
the filter section within the waveguide of increased width
(Fig. tc).

As in References 3-5 and Reference 7, the design of opti-
mised filters is based on a rigorous field expansion into
incident and scattered waves at all discontinuities. This
allows direct inclusion of higher-order mode coupling,
finite strip thickness and the step-wall discontinuity effects
in the optimisation process to make the filter performance
satisfy the given specifications.

2 Theory and design

Because the field-theory treatment of the metal-insert filter
structure within the length ! (Figs. 1b, ¢) has already been
described in detail in References 3 and 7, respectively, the
theory in this paper may be restricted to the derivation of
the scattering matrix of the step-wall discontinuity at z = 0
(Fig. 1d).

The fields in the subregions i = I, II

HY =L vxvx@EeA) ()
wp

are derived from the z-component of the magnetic vector

potential A!) which is assumed to be a sum of the eigen-

modes

EO =V x (e, A1),

M
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The coefficients A are normalised so that the power
carried by a given wave is 1 W for a wave-amplitude coef-
ficient of \/1 W
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with

FV =ab, F" =(g—¢)- b

By matching the tangential field components at the
common interfaces across the step'discont_inuity at z=0,
as in Reference 3, the coefficients v and r{) can be related
to each other. This yields the two-port scattering matrix

(S)S! of the step-wall discontinuity from the wider to the
narrower waveguide (at z = 0, Fig. 1b; at z = L, Fig. 1¢)

(U] ()
(om) =5 (on)
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where the coefficients of

SSI SSl
S1 = 11 12 5

o =(% ) ©
are explained in Appendix 6.1.

The scattering matrix (S)*? at the step-wall disconti-
nuity from the narrower to the wider waveguide (at z = L,
Fig. 1b; at z =0, Fig. 1¢) may be obtained directly from
eqn. 5 if ¥ and o™, as well as v and ¥, are inter-
changed. This implies that the indices in eqn. S are trans-
posed

s2_ (S ST\ _ (83 Sa

&= <S§i SS) - (Sﬁ sit) ©
For the overall scattering matrix (S)' of the metal-insert
filter section of length I;, including the discontinuities
waveguide to E-plane bar section and back to waveguide,
the reader is referred to eqn. 6 of Reference 3 concerning
the single metal-insert structure (Fig. 1b), or to eqn. 7 of
Reference 7 concerning the double metal-insert filter struc-
ture (Fig. 1¢), respectively.

The scattering matrix of the total metal-insert filter
including the two abrupt step-wall discontinuities at the
beginning and end of the filter section is then calculated by
directly combining the single scattering matrices (Fig. 1b),
as in Reference 3. Contrary to the usual treatment with
transmission matrices, this procedure preserves numerical
accuracy, as the expressions contain exponential functions
with only negative arguments. For completeness, the scat-
tering coefficients for two series connected sections are
given in the Appendix 6.2. The scattering matrix for more
sections is found analogously using this equation iter-
atively.

As in References 3-5 and Reference 7, the computer-
aided design of suitable filter performances is carried out
by an optimising program applying the evolution strategy
method. For given waveguide housing dimensions and
thickness of the metallic E-plane inserts, the parameters to
be optimised are the insert and the resonator lengths, as
well as the distance d (Fig. 1) between the step-wall discon-
tinuity and the first or last filter insert, respectively.

For computer optimisation, the expansion into nine
eigenmodes at each discontinuity has turned out to be suf-
ficient. The final design data are proved by expansion into
35 eigenmodes.

3 Results

The influence of the abrupt step-wall discontinuity on the
behaviour of the second stopband attenuation of E-plane
metal-insert filters is demonstrated in Fig. 24, with the
example of Ka-band three-resonator filters designed for a
midband frequency of about 39.37 GHz, near the higher
end of the Ka-band (26.5-40 GHz). The insert thickness is

= 190 um. Curve 1 shows the insertion loss (1/|S,,|) in
decibels as a function of frequency of an optimised conven-
tional metal-insert filter where no change in the waveguide
width occurs (for design data see Table 1). The maximum
attenuation in the second stopband is only about 40 dB,
and the second passband already exists at about 47 GHz,
due to the unwanted coupling of higher-order modes along
the strip sections.

The optimised E-plane metal-insert filter with abrupt
step-wall discontinuity, however, yields an attenuation of
about 58 dB in the second stopband, the second passband
appears at 56.5 GHz. Fig. 2b shows the detail curve of the
insertion and return loss of the optimised E-plane metal-
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insert filter with reduced-width waveguide. The input and
output waveguide (Fig. 1b) has standard WR 28-
dimensions (a = 7.112 mm, b = 3.556 mm, see Table 1),
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Fig. 2  Computer optimised Ka-band three-resonator metal-insert filters
designed for a midband frequency of 39.37 GHz and 1.8% bandwidth

Metal-insert thickness r = 190 um (for design data see Table 1)
a Insertion loss (1/1S,,|) in decibels as a function of frequency
curve 1 conventional E-plane metal-insert filter
curve 2: E-plane metal-insert filter with abruptly reduced width waveguide step-
wall discontinuity (included in the optimisation)
b Insertion loss (1/iS,,1) and return loss (1/|S,,]) in decibels as a function of
frequency for the filter with step-wall discontinuity (curve 2 of Fig. 2a)

the dimension ¢’ = 5.689 mm of the reduced-width section
corresponds to the standard WR 22-waveguide width of
the next higher-frequency band (the Q-band). The distance
d =423 mm (Fig. 1, Table 1) between the step-wall dis-
continuity and the metal-insert portion of the filter is also
a result of the computer optimisation.

1000

Fig. 3  Insertion loss (1/|S3;|) in decibels as a function of frequency of
Ka-band three-resonator metal-insert filters with a midband frequency of
39.6 GHz and about 1% bandwidth

curve 1: conventional E-plane metal-insert filter (data from Reference 6, Fig. 13a)
analysed with our method considering 35 eigenmodes. Metal-insert thick-
ness: t = 254 ym

curve 2: Computer optimised E-plane metal-insert filter with abruptly reduced
width waveguide step-wall discontinuity (included in the optimisation).
Metal-insert thickness: ¢ = 190 um (for design data see Table 1)
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Fig. 3 (curve 1) shows the insertion loss against fre-
quency of a conventional three-resonator E-plane filter
with inserts of thickness t = 254 ym (data from Reference
6, analysed by our method considering 35 eigenmodes). In
opposition to this design, the E-plane filter with abruptly
reduced width waveguide, and metal inserts of t = 190 um,
yields (curve 2) about 64 dB (instead of 52 dB) peak
attenuation in the second stopband and a second passband
at about 56 GHz (instead of 46 GHz). The optimised data
of the reduced-width filter are given in Table 1.

In Fig. 4, the insertion loss of a conventional E-plane
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Fig. 4 Insertion loss (1/|S;,|) in decibels as a function of frequency of

Ka-band three-resonators metal-insert filters with a midband frequency of
37.94 GHz and about 1.3% bandwidth

curve 1: conventional E-plane metal-insert filter (data from Reference 6, Fig. 14)
analysed with our method considering 35 eigenmodes. Metal-insert thick-
ness: t = 1.27 mm

curve 2: computer optimised E-plane metal-insert filter with abruptly reduced
width waveguide step-wall discontinuity (included in the optimisation).
Metal-insert thickness: t = 190 um (for design data see Table 1)

filter (curve 1) with thick inserts (t = 1.27 mm, data from
Reference 6, analysed with our method considering 35
eigenmodes) is compared with that of a reduced-width
E-plane filter (curve 2). Both filters yield nearly the same
stopband attenuation behaviour, the reduced-width
E-plane filter, however, requires only an insert thickness of

= 190 um (Table 1) which is more convenient for the
physical realisation.

Fig. Sa shows the insertion loss of filters with passbands
at the lower end of the Ka-band. The optimised conven-
tional filter (curve 1) yields about 67 dB peak attenuation
in the second stopband, a second passband appears
already at 38.5 GHz (i.e. still within the Ka-band: 26.5-
40 GHz). The corresponding values of the optimised
increased-width double-metal-insert filter are 81 dB and
43 GHz; i.e. the stopband attenuation at the Ka-band end
(40 GHz) is more than 45 dB. Fig. 5b shows the detail
curve of the insertion and return loss of the increased-
width filter (Fig. 5a, curve 2, Table 1).

4 Conclusion

A computer-aided design of optimum E-plane metal-insert
filters with abrupt waveguide step-wall discontinuity has
been introduced using exact field theory methods. This
design achieves filter performances with high peak attenu-
ation in a broad second stopband as may be demonstrated
by comparison with conventional metal-insert filters.
According to different ranges of application, two filter
types may be used. First, for passbands at the higher band
end of the original waveguide, single metal-insert struc-
tures within a reduced-width waveguide alleviate the
problem of higher-order mode coupling which otherwise
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considerably degrades the stopband behaviour. Secondly,
for passbands at the lower band end, double metal-insert
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Fig. 5  Computer optimised Ka-band three-resonator metal-insert filters
designed for a midband frequency of 27 GHz and about 1% bandwidth

Metal insert-thickness ¢ = 190 um (for design data see Table 1)
a Insertion loss (1/]S5,,]) in decibels as a function of frequency
curve 1: conventional E-plane metal-insert filter
curve 2: E-plane double metal-insert filter with abruptly increased width wave-
guide step-wall discontinuity (included in the optimisation)
b Insertion loss (1/1S,,]) and return loss (1/]S,,]) in decibels as a function of
frequency for the filter with step-wall discontinuity (curve 2 of Fig. 5a)

structures within an increased-width waveguide, which
reduces the guide wavelength of the filter resonators, yield
high stopband attenuation over the whole original wave-
guide band.

As the step-wall discontinuity effect is utilised directly as
an additional parameter to be optimised, the filters may be
designed for low passband insertion losses and high
attenuation levels in the second stopband, which, in addi-
tion, is much broader than the conventional metal-insert

IEE PROCEEDINGS, Vol. 133, Pt. H, No. 2, APRIL 1986

filters. Moreover, for all improved stopband designs, only
thin strips (e.g. t = 190 um) are required, which are very
appropriate for production by photoetching techniques.
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6 Appendix

6.1 Scattering coefficients in eqn. 5
ST = 2AL)W) ™ (Ly) — (U)

833 = = (Le){(W)™'[(U) — (Ly)lLg)] + (U)}
831 =2(W)"(Ly)
83 = (W)™ '[(U) — (LyXLg)] (7

where (W) = (U) + (Ly)(Lg) and (U) is the unit matrix.
The matrix coefficients of (L) are given by

ko
Z'Z)k‘"’ sm LN
nn
-+ sin (
g—oc

when (L) is the transposed matrix
(Lu) = (LE)T 9

6.2 Scattering coefficients for two series connected
structures with the scattering matrices (S)""), and

LEmn =

(x —¢) dx) (8)

(S)2
(Sy)"% = (8, )V + (8, )'[(U) — (S, )
. ( )(1)]-1(511 (2)(521)“)
(S12)" = (81 2) M [(U) = (S,1)(S22)M] ™"
. (sz)m
(821)“mal) = (Szl)m[(U) - (Szz)m(sll)(z)]_l
. (Su)(l)

(S22)“ml) = (521)(2)[((]) - (Szz)m(sl 1)(2)] !
*(822)M(812)P + (82,)
when (U) is the unit matrix.
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