324

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 2, FEBRUARY 1989

Quasi-Planar Filters for Millimeter-Wave
Applications

RUEDIGER VAHLDIECK, SENIOR MEMBER, IEEE

(Invited Paper)

Abstract —This paper reviews a variety of quasi-planar low-pass, band-
pass, and bandstop filters suitable for millimeter-wave applications. The
emphasis is on ladder-shaped E-piane bandpass filters to highlight their
advantages as well as limitations in terms of design, performance, and
manufacturing. To extend their range of application it is suggested that
E -plane filters be cascaded for better passband separation. A modified
finline filter is presented to improve the performance and manufacturing of
filters in waveguides below cutoff. Finally, it is shown that plated through
holes can simplify filter housing fabrication and that surface-metallized
composite housings are a lightweight and low-cost alternative to metal
housings.

I. INTRODUCTION

ILTERS at millimeter-wave frequencies require accu-
Frate theoretical design and precision fabrication. This
is necessary to avoid the difficult task of physical fine
tuning at those frequencies. To meet these criteria, quasi-
planar circuits have been widely used in recent years.
Originally, the term guasi-planar was used to indicate that
a microstrip or slotline circuit (planar circuit) is suspended
in the E or H plane of a rectangular waveguide. In this
paper we extend the definition of a quasi-planar circuit to
structures with all-metal inserts, provided that the thick-
ness of the metal sheet allows the application of photoetch-
ing techniques to realize the insert pattern. Examples of
quasi-planar filter structures based on this wider definition
are shown in Fig. 1. There are two classes of filters: those
containing dielectric material to support a thin metalliza-
tion pattern (5-35 pm thickness) on one or both sides of
the substrate and those with relatively thick metallization
(50-200 pm thickness) which do not require a supporting
substrate as long as the insert is clamped in both broad
walls of the filter housing. The first group of filters is
suitable for large-scale integration of several components
on the same substrate material. The latter embodies a
commonly used solution for high-power signals and for
stand-alone filter components, which at the same time
provide lower losses due to the absence of a lossy substrate
material.

In general a common feature of both filter classes is that
their performance is essentially determined by the metal-
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Quasi-planar filter structures suitable for millimeter-wave appli-
cations.

Fig. 1.

lization pattern of the insert. Most important, however, as
mentioned before, the inserts can be fabricated very accu-
rately by photolithographic techniques, which reduces fab-
rication tolerances to +10 pm and, at the same time,
allows low-cost mass fabrication. Finally, both types of
inserts are clamped between the two halves of a low-cost
split-block housing, which simplifies assembly and reduces
machining costs to a minimum.

Even though quasi-planar filters can be fabricated very
accurately, the final filter realization often requires some
physical fine-tuning since most of the design procedures
are based on equivalent network theory. In this procedure,
the filter discontinuities are represented as symmetrical T
or IT networks. Several papers have been published in
which the network parameters for finline discontinuities
have been calculated using field theoretical methods (e.g:
[19], [20], [26]-[29]). Based on the low-pass prototype
design method described in [2], these networks are then
represented as impedance or admittance inverters, respec-
tively. The ABCD matrices of equivalent networks of
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subsequent discontinuities may then be cascaded to calcu-
late the overall response of the circuit, but this procedure
has certain disadvantages. First, it does not account for
higher order mode (evanescent mode) interaction between
subsequent discontinuities. Second, for most quasi-planar
discontinuities lumped element parameters available in the
open literature are calculated only for certain frequencies
(for a small variety of e,, substrate thicknesses, slot and
line widths, etc.) and it is impossible to derive closed-form
expressions to describe their frequency-dependent varia-
tion accurately over a wide range of parameter variations.
It is furthermore worth mentioning that most of the net-
work element values which characterize a certain disconti-
nuity are not very accurate since they are calculated with
simplified field theoretical methods. Considering also that
finline circuits, for example, are highly dispersive, this
design method always requires circuit fine-tuning. For
better design accuracy, rigorous field theoretical methods
must be used to calculate the overall response of a quasi-
planar filter in terms of generalized scattering parameters.
This approach accounts automatically for the frequency-
dependent field characteristic as well as changes in ¢,
substrate thickness, slot width, etc.

However, for finline circuits with reduced gap width
(d/b <1, Fig. 1(a)) such a procedure is very complicated
and requires mainframe computer power. In contrast,
large-gap E-plane filters (Fig. 1(b), (e), and (f)), which are
suitable for satisfying a wide range of filter requirements,
may be analyzed and designed accurately using an acceler-
ated mode-matching method, since the discontinuities in-
volved are relatively simple and may be described rigor-
ously by TE,, modes (e.g. [6]).

The first part of this paper begins with a review of some
commonly used filter structures in quasi-planar technol-
ogy. In the second part the emphasis is placed on large-gap
finline and metal insert filters to show not only their
versatility but also their limitations in terms of out-of-band
isolation, spurious passbands, and fabrication tolerances.

II. Q@ FAcTOR

Appropriately shaped finline or microstrip circuits sus-
pended parallel to the E or H field in rectangular wave-
guides can provide low-pass, bandpass, or bandstop
performance. A number of papers have been published
dealing with those structures (e.g. [3]-[9], [11]-[16], and
[18]-[24]). A selection of commonly used filter inserts is
given in Figs. 2, 5, and 10. Before discussing these struc-
tures in more detail, we must consider that the Q factor of
finline filters, in comparison to that of waveguide cavity

filters, is significantly reduced. This is particularly impor-

tant for narrow-band applications of bandpass filters.
Meier [1] showed in 1974 that the unloaded Q factor of a
bilateral finline depends essentially on the gap width, d.
The Q factor increases when d approaches the waveguide
height. This effect is mainly due to the large electromag-
netic field concentration in the slot region, which increases
with smaller gap width. As a result, the longitudinal cur-
rent per unit area of metallization surface in the slot region
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Fig. 2. Typical insert structures for low-pass filters. (a), (b), (d) E-plane
circuits. (¢) Microstrip on suspended substrate.

also increases. Therefore, losses in the gap region are
higher when the gap width becomes smaller. In addition,
because of the skin effect, these losses become more pro-
nounced at higher frequencies. For all-metal insert filters
the Q factor is approximately twice that of a dielectric-
supported finline structure. Consequently, an all-metal
insert bandpass filter can be designed for smaller band-
widths than its dielectric-supported finline counterpart.

ITI. Review orF CoMMONLY USED FILTERS

A. Low-Pass Filters

In principle, low-pass filters can be designed using any
structure with alternating impedance steps. However, fil-
ters in finline technology are only quasi-low-pass since any
finline circuit will have a dominant-mode cutoff fre-
quency, which occurs below that of the enclosing wave-
guide with no insert present. Two possible finline low-pass
filters are shown in Fig. 2(a) and (b). The structure in
(a) shows large impedance steps between alternating sec-
tions of overlapping (low-impedance) and nonoverlapping
(high-impedance) antipodal finlines. An alternative design
described in [22] uses the bilateral finline shown in Fig.
2(b). This design employs a series of approximately quar-
ter-wavelength (actually <A, /4) coupled notches. The
corresponding measured filter response is shown in Fig. 3.
In the original work tapers were used at each end of the
filter. As described in [22] the notches are regarded as
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Fig. 3.

equivalent II networks which in turn can be represented as
admittance inverters. Subsequent notches were combined
by an ABCD matrix assuming that no higher order mode
interaction occurs between the discontinuities. The accu-
racy of this design approach depends very much on the
accuracy of the method for determining the susceptance
parameters of each notch. Also, it is important to know
whether higher order mode interaction occurs between the
discontinuities, which would directly influence the electri-
cal length between two notches. To reduce interaction
between evanescent modes, the bilateral finline is preferred
over the unilateral finline because in the latter case higher
order modes may propagate at much lower frequencies.
Moreover the cutoff frequency of higher order modes in
unilateral finlines is significantly reduced if the mounting
grooves to fix the insert exceed approximately 1/3 of the
waveguide height [30]. In contrast, the symmetrical bilat-
eral finline is virtually insensitive to this parameter and the
monomode bandwidth is almost twice that of the unilat-
eral finline.

A true low-pass structure is shown in Fig. 2(c). The
suspended substrate circuit is enclosed by a waveguide
with reduced dimensions, so that only a quasi-TEM (no
cutoff frequency) mode can propagate. An interesting vari-
ation of this structure, published in [24], is given in Fig.
2(d). A broadside-coupled microstrip circuit is suspended
in the E plane of a rectangular waveguide and is therefore
compatible with other E-plane circuits. The circuit config-
uration is symmetrical with respect to the x and y direc-
tions. Due to the antipodal tapers from the waveguide to
the broadside-coupled microstrip lines, the field is concen-
trated mainly between the two conductors, so that only the
odd-mode impedances need to be considered. The low and
high odd-mode impedances of the low-pass filter were
chosen to be 14 © and 70 Q, respectively. The correspond-
ing filter dimensions were calculated by using a spectral-
domain program. Measured and predicted filter responses
are given in Fig. 4.

B. Bandstop Filters

The variety of bandstop filters in E-plane technology is
fairly limited. This is so because most of the finline discon-
tinuities used to design filters represent equivalent circuits
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Fig. 4. Predicted and measured insertion loss of a broadside coupled
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Fig. 5. Typical insert structures for quasi-planar bandstop filters.
(a) E-plane structure; (b) and (c) suspended microstrip structures.

consisting of T or II networks with inductive series reac-
tance. The shunt reactance is purely capacitive for notches
or posts and purely inductive for strips. Hence, resonant
circuits in series with the transmission line cannot be
realized [20]. However, placing a resonant slot parallel to
the input finline creates a reaction-type resonator [20]. The
resulting slot pattern is shown in Fig. 5(a). The equivalent
network used to analyze the filter shows a series connec-
tion of an inductive and a capacitive element in shunt with
the transmission line. A filter prototype was designed by
first determining the normalized network parameters with
a simplified field theoretical method and then using the
filter design method described in [2]. The predicted and
measured filter responses (Fig. 6) show an offset of ap-
proximately 500 MHz. This kind of filter may be fine-
tuned by etching a post into the resonator section. A larger
variety of bandstop filters may be obtained if other than
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Fig. 7. Predicted and measured filter response of the suspended mi-
crostrip bandpass filter (after [21]).

E-plane circuits are taken into consideration. For example,
microstrip circuits on suspended substrate (Fig. 5(b) and
(c)) have been used in [21] to design spurline bandstop
filters. Based on work performed by Schiffman and
Matthaei [34] and by Bates [35], the authors in [21] devel-
oped a network model which accounts for the different
even and odd quasi-TEM mode propagation velocities in a
coupled suspended microstrip line. To suppress highly
dispersive waveguide modes, the waveguide dimensions in
the filter section were drastically reduced. Knowing the
characteristic impedances of even and odd modes, well-
known filter synthesis procedures [2] can be applied. A
comparison between theoretical prediction and measure-
ments, shown in Fig. 7, confirms the theory described in
[21]. To ensure low losses outside the bandstop region a
printed probe transition, similar to that shown in Fig. 8,
was used. As can be seen from the measurement, this
transition is fairly broad-band and can be utilized in the
design of other filter structures in suspended substrate
technique.

C. Bandpass Filters

Quasi-planar millimeter-wave bandpass filters using pai-
allel or end coupled lines on suspended substrate are also
feasible using the kind of transition (Fig. 8) discussed
before. In the reduced size waveguide section, which ac-
commodates the filter structure (see inset in Fig. 9), the
quasi-TEM mode shows very little dispersion, and wave-
guide modes are below cutoff. Design techniques have
been published in [15], [16], and [18] and very low insertion
losses, wide passbands, and a large rejection bandwidth
have been reported. As an example, the response of a
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Fig. 10. Typical E-plane bandpass filter inserts.

seven-element parallel coupled filter for Ka-band is shown
in Fig. 9 [18].

E-plane bandpass filters are easily integrated with other
E-plane structures. They are usually designed by cascading
half-wave resonators. Possible slot patterns are shown in
Fig. 10(a)—(c). The most commonly used are structures
related to Fig. 10(b) and (c), where the half-wave res-
onators are realized by full-height or reduced-gap finline
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sections directly coupled via short conductive septa. The
length of the resonators for a given center frequency
depends on the gap width, dielectric constant, and sub-
strate thickness. The equivalent network for the coupling
section can be described as a T network consisting of
inductive elements. Alternatively, in Fig. 10(a) the cou-
pling section is realized by a notch which can be repre-
sented as a II network containing an inductive series
element and capacitive shunt elements.

The filter structure in Fig. 10(b), as well as the special
case for d/b=1 (Fig. 10(c)), belongs to the class of
inductive direct-coupled cavity filters for which a well-
developed design theory is given by Levy [31] using
impedance inverters and low-pass prototypes. Based on
this design procedure, a narrow-gap unilateral finline filter
was designed by Verver [23] for a 28.0 GHz center fre-
quency. The septum lengths corresponding to the calcu-
lated T parameters were taken from [27]. Due to the thin
metallic septum, the electromagnetic field penetrates into
the coupling region left and right from the septum and
increases the electrical resonator length. The mechanical
resonator length is therefore significantly shorter than
A./2. To meet the required center frequency it is neces-
sary to account for this effect. Correction values for the
septum length may therefore be taken from the paper by
Pic and Hoefer [25]. The measured filter response with
corrected septum length is given in Fig. 11. The insertion
loss averages 1.7 dB. An equivalent design using a bilateral
finline with a gap width d /b =1 is shown for comparison.
In this case the insertion loss is less than 0.6 dB with an
improved filter slope. This result is mainly due to the
improved Q factor of the large-gap finline filter and is
partly due to the choice of a bilateral rather than a
unilateral structure. The large-gap finline filter was de-
signed using EPLANFIL, which is a field-theory-based
CAD program specially designed for this kind of filter.
The software calculates the filter response in terms of the
generalized scattering matrix parameters and optimizes the
filter dimensions. Alternatively, those filters may be de-
signed using the equivalent network theory described by
Bui et al. [13]. This procedure uses an explicit formula
dertved by Rhodes [32] to obtain the element values of a
distributed low-pass prototype element. The crucial step in
this procedure is determining the normalized reactances
from the scattering parameters of the waveguide bifurca-
tion of finite length. From [32] one obtains (Fig. 12)

]. - S12 + Sll
ix, = ——= "1 1
P TS+ S, (1)
. 2S12
Jx,= (2)

(1 - S11)2_ S122

where S;;, etc., are the scattering coefficients of the domi-
nant mode. The § parameters can be calculated very
accurately by using a mode-matching technique which
includes the interaction effects between fundamental and
higher order modes at subsequent discontinuities as well as

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 2, FEBRUARY 1989

40

30

20 |

insertion loss [dB]

Fig. 11. Comparison between large-gap (d /b =1, solid line) bilateral
and reduced-gap (d/b <1, dotted line) unilateral three-resonator fin-
line filters in Ka-band. (Data for the reduced gap finline filter courtesy
of Communication Research Center (K. Verver), Ottawa, Canada.)

the finite metallization thickness of the septum. Since x,
and x, are a function of the septum length, both parame-
ters are plotted over L in Fig. 12(a) for different metalliza-
tion thicknesses and frequencies. The method described in
[13] was reported to provide good practical results and in
the case of a D-band finline filter the measured response
deviated only 3.5 GHz from the theoretical prediction [13].
According to the authors, similar results can be obtained
for all-metal insert filters. Therefore, to enlarge the data
base for the practicing engineer, Fig. 12(b) provides data
for the normalized reactances of a single metal insert and
two different metallization thicknesses (127 pm and 50
pm).

Filter fine-tuning can be avoided and a higher degree of
freedom in the design can be achieved if the filter response
is calculated entirely in terms of generalized scattering
parameters. The advantage over equivalent network theory
is that this method accounts automatically for propagating
as well as nonpropagating modes and their mutual interac-
tion. Furthermore, the accuracy of the method is not
affected by changing the frequency or the structural di-
mensions (i.e., metallization thickness) from standard to
nonstandard values. It is true that the computation time of
this method is considerable compared to network analysis
methods. On the other hand, fine-tuning a filter at W- or
D-band is a time-consuming and expensive task. If this can
be avoided by using an accurate design program which
instead occupies inexpensive CPU time on a personal
computer (a typical filter design using EPLANFIL re-
quires less than 50 minutes on a PC), the cost for a filter
design can be reduced significantly. For large-gap finline
and metal insert filters, rigorous design methods have been
reported in [5]-[9], [11], and [12]. The author has modified
the theory published in [5]-[9]. This led to a significantly
accelerated algorithm which is now implemented in the
CAD filter software EPLANFIL. The following analysis
and designs are performed by using this software.

IV. LARGE-GAr FINLINE FILTERS

A conventional bilateral finline bandpass filter (d /b =1)
designed for Ku-band is shown in Fig. 13. Although a
comparison with unilateral large-gap finline filters shows
equivalent performance in theory, measurements have
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shown that the response of the unilateral filter shows 3 dB
insertion loss over 0.3 dB for the bilateral filter. One
explanation for this response may be that unilateral struc-
tures are more sensitive to the groove depth for fixing the
insert in the waveguide mount [30]. These effects are not
included in the filter design theory and are negligible for
bilateral filters. Furthermore, due to a higher energy con-
centration in the substrate region in one of the coupling
subsections, losses imposed by the substrate material have
a greater influence on the overall losses. It is therefore
advisable to use bilateral structure for finline filters when-
ever possible.

At the end of a waveguide band the second stopband
attenuation of finline filters is significantly reduced due to
the onset of parasitic modes propagating in the coupling
subsections (Fig. 14). This effect has been discussed re-
cently by Vahldieck and Hoefer [7]. On the other hand,
filters for the lower end of a waveguide band have rather
long resonators because of the rapid increase of the guide
wavelength toward cutoff. Therefore, harmonic resonances
can occur within the single mode range of the waveguide
band (Fig. 15, curve 1). To alleviate the first problem it has
been suggested in [7] to reduce the width of the housing in
the filter section. This measure increases the cutoff fre-
quency of the fundamental and higher order modes in the
coupling subsections and, at the same time, increases the
passband separation and second stopband attenuation sig-
nificantly (Fig. 14). To increase the passband separation of
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resonator filter (¢, =10.5, —-—+—-~ ), a filter with nontouching fins
(¢, =22, d/b<1, solid hne) after [36], and 4 modified ladder-shaped
finline f11ter (€, = 10 5, d /b =1, dotted line).

finline filters for the lower end of a waveguide band, the
solution is quite different. In this case we need to shorten
the resonator length, which can be done by increasing the
relative permittivity of the supporting substrate material or
by widening the waveguide section of the filter. The effect
of the latter measure will be shown in conjunction with
metal insert filters. Fig. 15 (curve 2) shows the resulting
filter response using a high-dielectric-constant material.
The spurious harmonic passband is pushed up in fre-
quency and the second stopband attenuation is 1mproved
s1gn1flcantly

V. MobIFIED FINLINE FILTERS

Dielectric resonator filters in waveguide sections operat-
ing below cutoff are an attractive solution when extremely
compact filter components are required (Fig. 16, curve 1)
[17]. To avoid the expensive machining of the resonator
blocks required for the conventional design, finline filters
with nontouching fin sections have been suggested [36] to
take advantage of high-precision photolithographic fabri-
cation techniques. In [36] the authors have utilized the
spectral-domain techmque to calculate the response of a
two-resonator filter in Ka-band (Fig. 16, curve 2). In this
configuration the nontouching fin sections are the res-
onators which support the fundamental mode above
cutoff. Evanescent-mode coupling is obtained via the
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waveguide sections with large-gap fins (d /b =1). The dis-
advantage of this structure is that the Q factor is signifi-
cantly reduced. To alleviate this problem a modified, lad-
der-shaped finline filter is used in a waveguide section
below cutoff (Fig. 16, curve 3). In contrast to conventional
finline filters a thick, high-permittivity substrate material is
used to lower the cutoff frequency of the fundamental
TE,, mode in the resonator section. These filters show
excellent stopband attenuation and increased passband
separation and are much shorter than conventional dielec-
tric resonator filters as well as conventional finline filters
in waveguides operating above cutoff.

VI. ALL-METAL INSERT FILTERS

For high-power applicatiohs the metallization thickness ‘

of the filter inserts must be increased. On the other hand,
the metallization thickness on commercially available sub-
strate material is typically 17.5 um. For thicker metalliza-
tion, pure metal sheets (e.g. 99.9 percent copper) must be

used, which are available in the range between 50 and 508

pm or more. As long as the metallization thickness re-
mains below approximately 200 pm, the insert is still
amenable to photolithographic techniques. Most of the
limitations discussed in conjunction with finline bandpass
filters will remain the same for metal insert filters and
need not be discussed again. However, overcoming some
of the problems discussed for finline filters requires differ-
ent solutions. As for finline filters, all-metal insert filters
show improved performance toward the end of a wave-
guide band by placing the ladder-shaped insert in a nar-
rower waveguide section and connecting both ends to the
standard waveguide by a simple inductive step transition
without complicating the mechanical design of the compo-
nent [7]. Filters for the lower end of the waveguide band
show a harmonic passband within the single mode range of
the waveguide band. For metal insert filters the only
choice in shortening the resonator length is to widen the
filter waveguide section such that the first passband is now
centered in this single-mode range of that section [7]. By
inserting the filter section between the two standard wave-
guide flanges, we are able to push the spurious passband
up in frequency without complicating the mechanical de-
sign of the filter component. To suppress parasitic modes
in the wider coupling subsections we must now use twin
metal inserts [7]. For even better performance, triple metal
inserts may be used [8]. Fig. 17 shows a comparison
between a conventional single metal insert filter in a
standard waveguide housing and twin and triple metal
insert filters in a wider waveguide section. E-plane filters
may be cascaded [9] to provide continuous attenuation
between f, and 2f, by manipulating the inevitable spuri-
ous responses of the individual filters such that they over-
lap and cancel each other as shown in Fig. 18, curve 3. For
a constant first passband, one filter may be placed in a
wider waveguide housing, which means a shorter resonator
length and increased passband separation (Fig. 18, curve
1), whereas the second filter is placed in a narrower
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Fig. 17. Four-resonator all-metal insert filters designed for the lower
end of the waveguide band (Q-band). ( ): conventional E-plane
ladder-shaped single metal insert filter. (———~-): Twin metal insert filter
in a wider waveguide housing, ¢’=6.7 mm. (--— -~ -~~~ ): Triple
metal insert filter in a wider waveguide housing, ¢’=6.9 mm, =
127 pm.
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Fig. 18. Example of a (Q-band eight-resonator cascaded twin metal
insert filter prototype, curve 3. Curve 1 and curve 2 show the filter
responses of the individual four-resonator filters in wider and narrower
waveguide housings.

waveguide housing, which increases the resonator lengths
and leads to a shrinking passband separation (Fig. 18,
curve 2).

VIL

The typical bandwidth achievable with large-gap E-plane
filters (metal insert as well as finline) ranges from 0.5
percent to 20 percent. However, for a bandwidth smaller
than 1 percent the insertion loss will increase because the
Q factor is not sufficiently high. Typical insertion loss
values can be expected from 0.5 to 1 dB for frequencies
below 60 GHz and from 1 to 2 dB for frequencies up to
140 GHz (depending on the bandwidth). The return loss is
typically between 15 and 25 dB.

The influence of housing tolerances on the filter perfor-
mance of ladder-shaped (d/b =1) finline or metal insert
filters is more significant than in the case of reduced-gap
(d/b <1) finline filters. This is so because in the latter

PRACTICAL ASPECTS
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Fig. 19. Measured performance of a four-resonator ladder-shaped fin-
line filter in a Ka-band waveguide mounted in three different ways.
Curve 1: closed waveguide housing; curve 2: open wavegumde housing
with serrations; curve 3: open waveguide housing with plated though
holes.

configuration most of the electromagnetic field in the
resonator section is concentrated in the gap region, which
reduces the required machining accuracy for the housing
considerably. Therefore, machining tolerances required for
ladder-shaped E-plane filter housings are tighter. For ex-
ample, if the waveguide width of a W-band filter housing
is reduced by only 10 pm the center frequency (95 GHz) of
the filter may shift up to 2 GHz toward higher frequencies.
Also, the thickness of the metal insert affects the filter
performance significantly. Changing the thickness of the
metal sheet from 127 pm to 50 pm may reduce the center
frequency of a W-band filter by 3 GHz. These effects have
been analyzed theoretically using EPLANFIL. To preserve
the accuracy of the theoretical design when using EPLAN-
FIL (which is typically within 0.3-0.5 percent of the
measured response when the following suggestions are
considered), it is necessary to fabricate the filter housing
first to the appropriate length, measure the actual dimen-
sions of the housing as well as the insert thickness, and
then take these values as input for the design procedure.
One fabrication parameter which is less predictable is the
etching tolerances, which are typically +10 pm unless
sputtering techniques are used. A worst-case analysis per-
formed for a W-band metal insert filter has shown that by
shortening all resonator lengths and increasing all coupling
section lengths by 10 pm, the resultant frequency shift was
200 MHz at 95 GHz center frequency. Furthermore, the
insertion loss increased from 1.1 dB to 2.0 dB.

For finline filters the choice between an open or a closed
waveguide housing is very important. Experience has shown
that an open waveguide housing, in which the insert is
simply sandwiched between two waveguide halves, is not
suitable for large-gap finline filters. Even with serrations,
radiation losses have been found to be too high, resulting
in higher insertion loss and a shift in midband frequency.
The closed waveguide housing seemed to be the only
alternative, and was used extensively in the past, providing
excellent results. However, the machining effort for milling
a small slit in the waveguide mount to fix the filter insert
in the waveguide enclosure (Fig. 19(a)) and to provide at
the same time good electrical contact with the housing
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without deforming the insert substrate is time consuming
and expensive. To solve this problem, the following solu-
tion seems to be adequate because the required accuracy of
the milling process is reduced to a minimum. In this
solution we use the open waveguide housing to accommo-
date the filter insert. However, to prevent radiation effects,
the serrations on the substrate (Fig. 19(b)) are replaced by
plated through holes to establish a short circuit between
both waveguide halves (Fig. 19(c)). If the distance between
the plated through holes is smaller than approximately
A, /8 (A corresponds to the highest frequency of interest),
the waveguide is virtually closed and no radiation will
occur. A comparison between conventional ladder-shaped
finline filters designed for 34.25 GHz, mounted in three
different ways, is shown in Fig. 19. It can be seen that the
filter response of the device in a closed waveguide housing
as well as in the open waveguide housing with plated
through holes comes closest to the predicted filter response
(0.3 percent deviation) calculated with EPLANFIL. It is
furthermore noticeable that the filter with the plated
through holes was incorporated into a metallized plastic
housing. The prototype plastic waveguide was machined to
the required dimensions (less 40 pm) and then metallized
up to a 20 um copper thickness by using sputtering tech-
niques. A comparison between the same filter in a metal
housing shows identical performance. Since the plastic
material used for the filter housing is suitable for injection
molding, this approach offers tremendous potential for
mass production of low-weight and low-cost filter compo-
nents.

VIIL

This paper presented an overview of quasi-planar filters
suitable for millimeter-wave applications. The shortcom-
ings of certain filter structures have been discussed and
possible solutions to improve filter performance have been
introduced. The empbhasis of the discussion for bandpass
filters was on ladder-shaped E-plane structures, and their
versatile applications were demonstrated. To analyze and
design large-gap finline and metal insert filters, the field-
theory-based CAD software EPLANFIL was used, which
is fully operational on personal computers. It was shown
that cascading filters improves the passband separation of
E-plane filters. Furthermore, enclosing ladder-shaped fin-
line filters in waveguides below cutoff provides better
performance than conventional dielectric resonator filters
or filters with nontouching fins. Finally, finline filters in
metallized plastic housings have been tested. Results have
shown performance equivalent to that of metal housings.
However, plastic housings are significantly lighter and they
are suitable for low-cost injection molding. Thus metal-
lized plastic housings offer a tremendous potential for
future lightweight, low-cost, mass-producible microwave
and millimeter-wave components.

CONCLUSION
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