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Abstract—A fast and efficient radial mode-matching technique
(RMMT) is applied to the analysis and design of components
in circular ridge waveguide technology. Five different structures
are investigated with respect to their performance as filters
and polarizers. For fast computation, pie-shaped metal ridges
and septa are assumed to better fit the cylindrical coordinate
system. In practice, the pie-shaped structures are approximated
by rectangular cross-section metal inserts. The validity of this
approximation is investigated by comparing with measurements
and finite-element analysis. It is found that for thin etchable
inserts, the measured filter response is in excellent agreement
with the theoretical prediction and that for polarizers, the axial
ratio response is not particularly sensitive to the ridge shape.
Differences between computed and measured results occur only at
return loss and isolation levels beyond 25 dB. A central processing
unit time comparison with HFSS (4.0) results in a 10-min versus
3-h advantage in favor of the RMMT.

Index Terms—Bandpass filters, mode-matching methods, po-
larization, ridge waveguides.

I. INTRODUCTION

COMPONENTS in circular ridge waveguide (CRW) tech-
nology are attractive in the design of front ends for

modern satellite and terrestrial communications systems, e.g.,
[1]–[4], because the circular cross section can be maintained
throughout the entire feed system. Since CRW components are
comparable in performance with rectangular ridge waveguide
components, lossy transitions are avoided and overall system
sensitivity is enhanced. In particular, when the metal ridges
in CRW are fabricated by etching techniques from thin metal
plates and inserted in a split-block housing, the manufacturing
process is simplified and higher accuracy can be maintained.
Furthermore, the use of ridge sections shortens the guided
wavelength, which in turn, reduces the component length
considerably.

A major drawback in the past to develop CRW compo-
nents was the lack of reliable computer-aided design (CAD)
procedures. It was difficult to characterize the normally rect-
angular cross section of the metal ridges within the cylindrical
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coordinate system. To avoid this mix of coordinate systems,
the rectangular ridge cross section was assumed to be radially
cut or pie-shaped. Characterizing the mode spectrum of such
a structure with various methods has become the focus of
several investigations since 1991, e.g., [1], [5]–[9]. Since then,
however, only few papers have dealt with the-parameter
analysis of transitions from circular waveguide to CRW. An
early attempt was published in [2] for bow-tie-shaped metal
insert filters (the equivalent to -plane filters in rectangular
waveguide) based on a radial mode-matching analysis and,
subsequently, in [3] for CRW filters (utilizing the frequency-
domain transmission-line matrix (FDTLM) method). In [4], the
radial mode-matching technique (RMMT) was extended to cal-
culate -parameters of CRW structures. The work compared
the practical realization of the ridges from rectangular metal
sheets with the theoretical results assuming ridges with pie-
shaped cross section. Very good agreement was found, which
also confirmed the results in [2].

In this paper, we present a more comprehensive analysis
of CRW structures, in which we focus our attention on a
filter structure and four different types of polarizers. We are,
in particular, interested in investigating the phase–response
dependence on the ridge shape. This has not been done
before to this extend, but is of great importance in the
practical realization of CRW components. Fig. 1 illustrates the
following five components under investigation:

1) circular-waveguide metal-insert filter [Fig. 1(a)];
2) septum polarizer [Fig. 1(b)];
3) longitudinal-ridge polarizer [Fig. 1(c)];
4) corrugated-ridge polarizer [Fig. 1(d)];
5) pin polarizer [Fig. 1(e)].

The first four components are fabricated in split-block housing
technology, whereas the pin polarizer utilizes pins realized
by long screws. (Note that this component has always been
experimentally designed so far). Since CRW transformers and
evanescent-mode filters have been addressed in [4], that work
will not be repeated here.

II. A NALYSIS AND DESIGN

The theoretical analysis of the structures in Fig. 1 is based
on the RMMT presented in [2] and [4], following the main
steps of the mode-matching method, as outlined, e.g., in
[10]. Fig. 2 shows the different cross sections involved in the
five configurations of Fig. 1. The eigenvalues of the sectoral
waveguide [Fig. 2(b) and (c)] are well known [11], and the
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(a) (b)

(c) (d) (e)

Fig. 1. Ridged circular waveguide components and orientation of the electric
field vector at input. (a) Circular waveguideE-plane metal-insert filter.
(b) Septum polarizer. (c) Longitudinal-ridge polarizer. (d) Corrugated-ridge
polarizer. (e) pin polarizer.

eigenvalues of Fig. 2(d)–(f) are determined numerically from
a system matrix which is formulated such that a pole-free
determinant function is obtained [12]. The field expressions in
subregions IIa and b [Fig. 2(d)–(f)], are the same as those in
[7]. For the -parameter computation, the reader is referred
to [4]. Similar to [13], electric and magnetic walls are placed
in the planes of the ridges to accelerate the algorithm. For the
components of Fig. 1(c)–(e), this procedure is equivalent to a
counterclockwise 45rotation [14] of the exciting electric-field
vector (cf. Fig. 1).

The design of the CRW components is carried out using
a Minimax-based optimization routine (e.g., [15]), except of
course for the filter of Fig. 1(a), which lends itself to a
quasi-synthesis procedure [10], [16]. Initial values for the
circular septum polarizer [Fig. 1(b)] can be found from [1]
or by scaling dimensions of similar square polarizers [13]
with respect to the fundamental-mode cutoff frequencies of
the individual ridged waveguide sections. A comparison to
the finite-element-based analysis software package HFSS (4.0)
resulted in a 3-h central processing unit (CPU) time job for
a three-septum polarizer with 15 frequency points on a SUN
Sparc 20. RMMT required 10 min on a Pentium90 PC for the
same task. It should be noted that with increasing frequency
points, this ratio will even improve in favor of the RMMT
since 75% of CPU time is tied up with determining the mode
spectra of the individual CRW sections.

Since the fast RMMT analysis of CRW sections is based on
the assumption that the ridges have a pie-shaped cross section,
while in reality the ridge cross section is rectangular, it is

(a) (d)

(b) (e)

(c) (f)

Fig. 2. Cross sections involved in the mode-matching analysis of ridged
circular waveguide components.

important to know up to which ridge thickness this assumption
is valid. It should be noted, that although pie-shaped ridges
can be fabricated by milling techniques, this is only useful for
thick ridge structures. Our objective is to use thin metal plates
that can be etched with high accuracy and low cost to the
necessary geometry. These plates always have a rectangular
shape. The critical point in the analysis that follows is the
translation of the nominal ridge thicknessinto the semiangle

of the pie-shaped ridge. Our investigations have led to the
following conclusions: the components in Fig. 1(a) and (c)–(e)
are efficiently calculated by using a constant angle of

(1)

The same holds for the septum polarizer of Fig. 1(b) as long
as the ridges are fairly thick. For thin and moderately thick
ridges in the septum polarizer , and only for the
cross section of Fig. 2(d), it was found that an approximation
that includes the gapwidth leads to slightly better results as
follows:

(2)

Note that, in this case, the semiangledepends on the pene-
tration depth, thus creating, in theory, additional discontinuities
with respect to the ridge thickness. If for any section of the
septum polarizer [Fig. 1(b)], subregion IIa [Fig. 2(d) and (f)]
becomes extremely small , then the computer
code replaces that section by the sectoral guide of Fig. 2(b) in
order to avoid the possibility of numerical instabilities.
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Fig. 3. Input return loss convergence analysis for the structure of Fig. 2(e)
between two circular waveguides. Dimensions: Diameter= 0:425″, ridge
thickness= 0:016″, gapwidth= 0:2125″, length of ridged section= 0:32″.

Fig. 4. Measured [16] and computed performance of a three-resonator
Ka-band E-plane metal-insert filter according to Fig. 1(a). Dimensions:
a = 4:0 mm, t = 0:15 mm; lengths of inserts:l1 = l7 = 0:844 mm,
l3 = l5 = 2:985 mm; lengths of resonators:l2 = l6 = 5:683 mm;
l4 = 5:768 mm, ridge thicknesst=a = 0:0375.

Fig. 3 shows a return-loss convergence analysis of a double-
ridged CRW [Fig. 2(e)] of length 0.32″ axially sandwiched
between two circular waveguides. The vertical polarization
[perpendicular to the plane of ridges in Fig. 2(e)] is only
slightly affected by the ridges. Consequently, the correspond-
ing return loss values are beyond 30 dB for most of the usable
frequency range, and the analysis converges with only 15
symmetric modes . The horizontal polarization
(parallel to the plane of ridges) is highly affected by the
double-ridge insert and, therefore, convergence is reached
with 20 symmetric modes . Based on this
and similar investigations, we have decided to specify the
number of TE modes while all TM modes are automatically
considered up to the highest TE-mode cutoff frequency. The
components in this paper have been calculated by up to 26
modes for the magnetic-wall symmetry and
15 modes for the electric-wall symmetry. Note

(a)

(b)

Fig. 5. Measured and computed performance of a four-sectionC-band
septum polarizer [cf. Fig. 1(b)]; ridge thicknesst=a = 0:035. Measurements
include transitions to rectangular waveguides at input ports.

that these numbers refer to the respective symmetry planes
in the structure; e.g., the septum polarizer of Fig. 1(b) has
only one symmetry plane (vertical), whereas the components
in Fig. 1(a) and Fig. 1(c)–(e) have an additional horizontal
symmetry.

III. RESULTS

Several prototypes in CRW technology have been con-
structed to evaluate the accuracy and reliability of the analysis
and design procedure. The first example is a three-resonator-
plane metal-insert filter according to Fig. 1(a). Fig. 4 presents
the return-loss and insertion-loss measurements [16] in direct
comparison with the results of this numerical analysis. Excel-
lent agreement is obtained up to the second passband at about
38 GHz. The normalized ridge thickness (thickness-to-radius
ratio) is .

Fig. 5 shows a comparison between measured and cal-
culated results for a four-section -band septum polarizer
[Fig. 1(b)] with . The excellent agreement for
return loss/isolation (top) and axial ratio (bottom) confirms the
validity of the conical-shape approximation. The agreement is
the more surprising as the measurements, unlike the theoretical
predictions, include the effects caused by transitions from
rectangular to quasi-semicircular waveguide at the input ports
of the septum polarizer. We attribute this negligible influence
to the relatively thin ridge thickness.
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(a)

(b)

Fig. 6. Measured and computed performance of a four-sectionK-band
septum polarizer [cf. Fig. 1(b)]; ridge thicknesst=a = 0:06. Measurements
include transitions to coaxial connectors at input ports.

(a)

(b)

Fig. 7. Mode-matching and finite-element computations of a four-section
Ka-band septum polarizer [cf. Fig. 1(b)]; ridge thicknesst=a = 0:1155.

(a)

(b)

Fig. 8. Performance of optimized five-section longitudinal-ridge polarizer
[cf. Fig. 1(c)]; ridge thicknesst=a = 0:07.

A slightly thicker septum with has been used in a
four-section 25-GHz septum polarizer design. The comparison
between measurements and results of the mode-matching
design is shown in Fig. 6. Although the general tendency
of the return loss curve seems to be reversed, the software
correctly predicts more than 30-dB return loss (top). Moreover,
the axial ratio computations show very good agreement with
the measured values (bottom).

The discrepancies in return loss are believed to be caused
by the coax-to-quasi-semicircular waveguide transitions at the
input ports of the septum polarizer. These transitions are
present in the measurement setup, but are not included in
the computations. However, as the ridge thickness increases,
the effects of the pie-shape approximation also become more
evident. This is demonstrated by a comparison not affected by
the measurement setup (Fig. 7). A mode-matching design was
carried out for the 30-GHz range and for a ridge thickness
of . Whereas mode matching (conically shaped
ridges) usually predicts a smoothly curved return loss (top), the
rectangular ridge modeled by the finite-element package HFSS
(4.0) is more likely to produce a more pronounced peak. Note
that, in spite of these differences, the axial ratio computations
[Fig. 7(b)] agree remarkably well.

The performance of a longitudinal-ridge polarizer design is
shown in Fig. 8. Design specifications called for 25-dB return
loss and 0.3-dB axial ratio between 23.2–25.7 GHz. The ridge
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(a)

(b)

Fig. 9. Performance of optimized corrugated-ridge polarizer [cf. Fig. 1(d)]
with 11 ridges; ridge thicknesst=a = 0:07.

thickness is . Note that the isolation shown here
(and in the following figures) is that between the left-hand-
and right-hand-side polarized components at the output of the
circular polarizer. It can be determined for “nearly circular
polarization” from [10]

dB (3)

where is the axial ratio in decibels.
Fig. 9 shows the performance of what we refer to as

the corrugated-ridge polarizer [cf. Fig. 1(d)]. Eleven ridged
sections of thickness are used with empty circular
waveguide sections between them. The optimized 0.3-dB axial
ratio bandwidth is 3.7 GHz centered at 21.05 GHz. Return loss
and isolation are 30 dB or better over the entire bandwidth.

A pin polarizer prototype [Fig. 1(e)] has been experimen-
tally constructed, and the measurements are shown in Fig. 10
along with the results of the numerical analysis. For the com-
putation, the circular cylindrical pins (screws) are converted
to square-cylindrical ones [cf. Fig. 1(d)] with the original
diameter taken as the sidelength. Considering the fact that
two approximations (circular-to-square pin cross section and
rectangular-to-conical ridges) are involved in this case and
that the ratio of the pin diameter to the waveguide radius is
0.2, the agreement is surprisingly good. Again note that the

(a)

(b)

Fig. 10. Computed and measured performance of a pin polarizer with 11 dual
pins [cf. Fig. 1(e)]; pin-diameter=a = 0:2. Measurements include transitions
to rectangular waveguides at input port.

measurement data include the effects caused by the transition
rectangular-to-circular waveguide at the input of the polarizer.

IV. CONCLUSION

Measurements and comparisons with the finite-element
method of different components in ridged circular waveguide
technology demonstrate that a mode-matching technique,
which approximates rectangular cross-section septa or
cylinder-shaped screws by conically shaped ridges, can be used
efficiently in design procedures for front-end components. It is
found that the axial ratio response is not particularly sensitive
to the shape approximation as long as the ridge thickness
does not significantly exceed 10% of the radius of the circular
waveguide. Some differences—usually beyond 25 dB—are
observed in the return loss and isolation behavior. Therefore,
and in light of the CPU time advantage against commercial
field solvers, the mode-matching technique offers a fast and
efficient alternative for CRW component design.
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