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A Two-Step Synthesislof Broadband Ridged
Waveguide Bandpass Filters with
Improved Performances
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‘ Bernard Theron, and S. Vigneron

Abstract —A quarter-wave broadband ridged waveguide band-
pass filter with improved attenuation has been designed and
realized. The two-steps synthesis uses first an equivalent net-
work whose parameters are obtained with a multimodal varia-
tional approach which characterizes the discontinuities involved
in the structure. It is shown that the frequency behavior of the
filter is determined at this step by the chosen filter prototype.
The structure is then optimized taking into account all side
effects (higher order modes, dispersion), and also the rectangu-
lar to ridged waveguides transformer. Predicted data are com-
pared with measured data and a good agreement is observed. it
is shown how the use of A /4 resonators improves the attenua-
tion in the upper stop-band and reduces the filter volume, which
is very important in the aboard satellite telecommunication
systems.

I. INTRODUCTION

HE DESIGN of evanescent-mode waveguide filters

is now an important topic in the synthesis of passive
microwave networks [1]-[4]. Their great attenuation in
the upper stop-band combined with the superior electrical
performances of ridged waveguide [5] provides a conve-
nient way to realize compact broadband bandpass filters
with a sharp selectivity, suitable for use in satellite
telecommunication systems [6].

A multimodal variational formulation for the character-
ization of waveguide discontinuities is used due to its
numerical advantages [7], [8]. The design procedure com-
bines this analysis technique with a direct search opti-
mization routine in order to obtain the evanescent-mode
ridged waveguide bandpass filter with required perfor-
mances [7], [9]. However, the determination of initial
length for each waveguide section (that is the starting
values for optimization routine), plays an important role
in the design procedure and constitutes the first step of
our work. These values can be obtained by comparing the
theoretical coupling coefficient between two waveguide
resonators with a chosen J- or K-inverter prototype [4].
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(a) Symmetrical double discontinuity. (b) Two equivalent net-
works. (¢) Corresponding immittance inverters.

Fig. 1.

Most of the lowpass and bandpass filters presented in
the literature are of half-wave resonator type, which may
be bulky in the centimeter-wave range and present a
second passband located at about 2 f,. Thus the stopband
attenuation may be not sufficient for multiplexer applica-
tions. The originality of this work resides in the design
and realization of quarter-wave resonator ridged wave-
guide bandpass filter. The measured filter performances
are in good agreement with the predicted data, showing
improved stopband attenuation and the total length of the
realized filter has been notably reduced compared to the
half-wave filters.

II. CHARACTERIZATION OF A DoUBRLE
DiscoNTINUITY

A. Variational Formulation

By considering only the dominant-mode incidence, the
multimodal variational formulation leads to a 2X2 scat-
tering matrix [7]-[9] from which two reciprocal equivalent
networks can be derived, as well as their immittance
inverter network representation (Fig. 1). When consider-
ing the equivalent 7T-network case, the reduced
impedances can be obtained in the following analytical
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forms according to [8]:

lejXOdm ZZ=j(Xeven_X0dd) (1)

with

- 1 2 -1 v) (v
Xg__‘Nl()l(Qg )117 Jlg)“Hk)Xz

NO (a0, ) = [(I= B ds
KBS, TN I ED)

—j-cot(05BPL) g =even
y =
= j-tan(0.58PL) g = odd

L being the inserted waveguide length with B, the phase
constant of kth mode. E and H’ correspond to the
transverse electric and magnetic fields of the kth eigen-
mode in the vth waveguide. Boldface italic letters are
used for space vectors.

These relations show clearly how each mode of both
waveguides contributes to the value of equivalent network
elements. If all modes in the inserted waveguide are
below cutoff (it is true in the evanescent-mode filter case),
O will be a real matrix, then the equivalent network
elements will be reactive. In order to insure a good
numerical convergence of each circuit element with the
mode number in both waveguides, the coupling coeffi-
cient between two ridged waveguide resonators, impor-
tant parameter in the following filter design procedure,
has been carried out by using different mode numbers.
Fig. 2(a) shows that 50 modes (with only one propagating
in 10—44 GHz frequency range) in the propagating ridged
waveguide and about 100 modes in the evanescent one
will be sufficient for obtaining convergent values. When
taking the overall scattering matrix computation during
the optimization procedure, (13), (14), (18), and (20) of [8]
are used instead of (1). As the filtcr structure uses the
same discontinuity, the individual scattering matrix con-
cerning two semi-infinite waveguides is evaluated only
once at each frequency, and the computation time needed
to characterize the coupling between two successive dis-
continuities by considering the notion of accessible modes

Coupling Coefficient

1 2 3 4 5 6
Coupling Length (mm)

Fig. 3. Coupling coefficient of ridged waveguide resonators versus
coupling length. Our results (—) compared with the theoretical (o o)
and measured (+ +) data of [10].

[8], [10] is generally much smaller. In a strong coupling
case, about ten accessible modes yield convergent results
as shown in Fig. 2(b). However, the convergence test will
be needed each time a new structure is used.

This formulation has been applied to the coupling
between two ridged waveguide resonators through a bi-
furcated rectangular waveguide, showing more accurate
results than those obtained by the classical variational
method [12] (Fig. 3).

B. Immittance Inverter Parameters

The K- and J-inverter type synthesis is preferred to the
lumped elements one, because of the dispersive nature of
waveguide modes [1]-[4], [13]. The values of such inverter
parameters can be easily derived from the 7- and w-net-
works representations. As we know, both types of invert-
ers are needed for a quarter-wave resonator filter design
[13], and this means two kinds of waveguide discontinu-
ities, then additional manufacturing and computational
efforts will be required. By making use of the two-port
network properties, we have shown that in the case of a
lossless, symmetrical and reciprocal double discontinuity,
the following relations hold (sce Appendix):

K=, ¢y =t (2)
This means that the same’ discontinuity can be used for
either K- or J-inverters, leading to simpler filter structure.
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Fig. 5. Evanescent-mode ridged waveguide filter.

A quasi-constant coupling coefficient and a linearly-
varying phase correction in the considered frequency
range are the key points for a successfully optimized filter
design. Fig. 4 shows the behavior of the phase and inver-
sion coefficient versus the frequency (Fig. 4(a)) and the
length of waveguide below cut-off (Fig. 4(b)), and we can
note that the inverter parameters depend more on the
length than on the frequency.

1II. HALF-WAVE AND QUARTER-WAVE
ResoNATOR FILTERS

Since the success of an optimization design depends
strongly on the initial parameters (the starting point), we
propose here a two-step design procedure:

A first-order design using a well-known bandpass filter
prototype (Tchebychev, Butterworth, ...); the waveguide
discontinuities are characterized only by their equivalent
circuits at the central frequency f,, the dispersion being
neglected. This step allows to determine the starting point
for the optimization procedure, and also the filter type.
This will be illustrated below by the small difference
between the optimized and the first-order design data.

The optimization design procedure in which all the
factors (dispersion, ridged waveguide to standard wave-
guide transformer, etc.) will be considered.

A. First-Order Design

The complete filter structure shown in Fig. 5 can be
divided into two parts: the ridged waveguide filter and the
stepped rectangular to ridged waveguide transformer. The
equivalent network of the filtering section depends on the

type of the filter: for the half-wave resonator type, the
network is a succession of J-inverters and resonators,
while the quarter-wave resonator type is represented by
an alternance of K- and J-inverters separated by res-
onators [13], the section having a K-inverter at its both
ends. Owing to the relations (2), the same discontinuity
can be used for synthesizing both inverter types. The
initial lengths of each section are determined separately
for the matching and filtering parts through the following
procedure:

1) Determine the central frequency f,, the number of
resonators N and the different inversion coefficients J,
and/or K, by using a classical prototype from the filter
specifications [13]:

a dw
Jous Koy =

= JN,N+1a KN,N+1

5g0g1
a-Sw 1 L<l<N-1 3)
= V ) <IKN- 3
2 8181+1

| for half-wave resonator type
S\ /2 for quarter-wave resonator type

Jl,1+17Kl,l+l

with

2) Identify the initial lengths of evanescent waveguide
sections which provide the required inversion coefficients
at f,, by using the rigorous discontinuity characterization
described above. The values of ¢, can then be derived.

3) Determine the initial resonator lengths:

AE
L= . [a+0.5(0,_1;+¢,01)], L<ISN. (4)
4) Determine the number and initial lengths of a

stepped quarter-wave rectangular to ridged waveguide
transformer in the same way.

B. Second-Order Design

This step consists in minimizing the following error
function:

W(I)= T |Su(L. 1) + > ISo(ZE)- 5
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Fig. 6. Predicted scattering parameters in dB for an optimized half-
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Fig. 7. Predicted scattering parameters in dB for an optimized quar-
ter-wave resonator bandpass filter.

TABLE 1
DEeviaTion ofF OpTiMizED FiLTER DATA FrROM THE FIRST-ORDER DESIGN DaTA
Ry=R, Iy =Ig Ry =R Iy =1Is6 Ry=R; Ios =L R;=R, Iy
First-order 7.62 227 1.76 6.23 1.33 6.88 1.32 7.50
data (mm)
Optimized 7.29 2.34 1.75 6.23 1.33 6.86 1.32 6.97
data (mm)
R denotes resonator sections and I for immittance inverters.
fis f, correspond to the sample frequencies within the 0
passband and the stopband respectively and L is the
vector containing all the waveguide lengths to be opti- 3 Ter i
mized. In the following examples, L will be a ten ele- T 2ot i
ments vector for an-eight-resonator bandpass filter with 2
two step transformers, by considering the structure sym- 8 ~30f §
metry. The overall scattering matrix is obtained by apply- b
ing the multimodal variational formulation to the overall 40 f- )
filter structure including the step transformer. The result -50
of the first order design is used as the starting point in 135 Fir“equency (51«1}5 #
this procedure, allowing more efficient minimum point (@)
search in which the final lengths of the complete filter will
be determined. 0
~10} 4
C. Numerical and Experimental Results g
In order to demonstrate the advantages of A /4 res- § %
onator filter over the A /2 resonator one, two ridged & -30r A
waveguide bandpass filters have been designed in the 3
Ku-band by using both resonator types. The optimized ~a0r 7
reflection and transmission coefficients are given in Figs. 50
6 and 7. Considerable improvement of the stopband at- 13.5 14 14.5 18
Frequency (GHz)

tenuation has been observed in the A /4 resonator filter
case, as expected, facilitating its use in the multiplexer
design.

The difference between the first-order design data and
the optimized data has been given in Table I for the A /4
~ resonator filter, showing only slight deviations except for
the lengths of the strongest and the smallest coupling
sections. It will be noted that the overall filter length of
the A /4 resonator filter is 76 mm, compared to the 200
mm for the A /2 resonator one,

The stability of the minimum will be very critical in a
multivariable (for instance 10) optimization procedure.
For this reason the study of sensitivity has been carried
out for two cases. In the first, the inverter lengths have
been increased by 10 um while those of resonators are

)

Fig. 8. Sensitivity studies on an optimized A /4 resonator bandpass
filter. (a) With all inverter lengths increased by 10 um and those of
resonators decreased by 10 wm (—.—); (b) With the gap between ridge
and waveguide wall changed from 0.6 mm (—) to 0.58 mm (~.—).

~ decreased by 10 um (Fig. 8(a)); in the seéond, the gap

between the ridge and the waveguide wall is 0.58 mm
instead of 0.6 mm (Fig. 8(b)). No obvious deterioration of
filter performances is observed, but the mechanical er-
rors, especially those on the ridge depth, introduce a
significant frequency shift (100 MHz for 20 um error on
ridge depth).
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Fig. 9. Comparison between predicted (—) and measured (xx). (a)
Return losses. (b) Transmission losses of a A /4 resonator ridged wave-
guide bandpass filter.

A prototype of quarter-wave resonator bandpass filter
has been realized by ALCATEL-ESPACE according to
the optimized data. The measured reflection and trans-
mission coefficients agree well with the predicted data as
shown in Fig. 9. However, tuning screws have been placed
in the ridge of each step transformer section, because of
the sensitivity of ridge depth described earlier.

IV. ConcLusion

A two-step filter synthesis has been described, which
combines a first-order synthesis, based on an equivalent
network representation of the structure, with an optimiza-
tion procedure associated with a rigorous multimodal
variational analysis. It is shown that the first step allows
not only a fast minimum research in the optimization
procedure, but also, and above all, to choose the filter
type by using the prototype and resonator type which
corresponds more closely to the practical requirements.
On the other hand, the use of multimodal variational
method allows the integration of a rigorous full-wave
discontinuity analysis in a multivariable optimization pro-
cedure implemented on a personal computer, owing to
the numerical advantages of this approach as we have
already discussed in other papers.

The application of this design procedure on both A /2
and A /4 resonator ridged waveguide bandpass filter has
shown that better stopband attenuation can be obtained
by using the A /4 resonator filter design, and the realized
Ku-band filter is more compact, then more convenient for
its use in satellites. It will be noted that the proposed
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design procedure can be applied to other filter structures

[9].

APPENDIX
RELATIONS BETWEEN J- AND K -INVERTER -
PARAMETERS

The S-matrix of a double discontinuity can be derived
from the 7- and m-equivalent networks (Fig. 1):

7 1-85,+8, 28,
-8+ 8,0 TP (1-8,)°- 8%
1_S12“S11 2512
Y=o =— (Al
Y1+ S, + S, 2 (1+8,,)°— 8% (AD

The corresponding immitance inverter can then be easily
deduced:

¢y =—tan"'(2Z,+ Z,) —tan"'Z,,

K =|tan (¢ /2+tan"'Z,)|

¢, =—tan"'(2Y, +Y,)—tan"'Y,,
J=|tan(¢,/2+tan"'Y,)|. (A2)

If we consider a lossless, reciprocal and symmetrical
two-port, the scattering matrix will be unitary and the
following relations hold:

Sllsikl + Slei"z =1
Re(S;;) Re(S,) +Im(S;;)Im(S;;)=0. (A3)

Here Re(z) and Im(z) denote the real and imaginary
parts of z. One obtains from (A3)

oo Im (.$y,) +Im(S,;,)
I-Re(S;;) —Re(S),)
Im($,) +Im(S;,) '
1+Re(SH)+Re(Su)}
_ Im(S,;)—Im(S,,)
1-Re(S;;) +Re(S;,)
Im(Sy,) —Im(S},) }_1
1+Re(S;)—~Re(S),)
so we have from (A1), (A2), and (A4)
¢x = —tan"'(a) —tan~!(b)

1 1
¢; = —tan_l(;)—tan_l(g) =g+

K= tan (0.5(—tan"'(a) +tan"'(b)))|
J=|tan(0.5(tan"!(a) —tan~"'(b)))|= K. (AS5)

(A4)
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