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Abstract—New multimode equivalent circuit models for single
and cascaded E-plane and H -plane step discontinuities in rect-
angular waveguides are presented. The computer-aided design
(CAD)-oriented equivalent circuit models enable rigorous and
efficient fullwave analysis of waveguide components and circuits
entirely by circuit simulation. The method has been implemented
on the microwave circuit simulator Libra and applied to wave-
guide structures containing single and cascaded irises and stub
discontinuities. Comparisons of circuit simulation results for
single and cascaded inductive irises as well as a single and
three E-plane stubs with the standard mode-matching method
show perfect agreement. Results of a Ka-band bandpass filter
analysis are in good agreement with a mode-matching solution
that includes the correct edge condition.

1. INTRODUCTION

OMPUTER-AIDED design (CAD) of waveguide filters
Cand components generally requires use of a rigorous
fullwave analysis technique such as the finite-element or
finite-difference method, or the mode-matching method. Al-
though general purpose tools like, for example, fullwave
finite-element solvers [1] are commercially available, modal
analysis methods are often preferred since they are computa-
tionally more efficient [2]-[4] and provide physical insight [5].
However, available modal analysis tools are typically stand-
alone programs which are often developed for a particular
type of problem.

In this paper, rigorous CAD-oriented fullwave equivalent
circuit models for single and cascaded F-plane and H-plane
step discontinuities in rectangular waveguides are proposed.
With these novel multimode equivalent circuit representations,
a large class of waveguide components and circuits, including
filters and phase shifters, can be analyzed and designed en-
tirely with commercial circuit simulators. Since the equivalent
circuit models are derived from a modal analysis, a fullwave
analysis can be performed directly by circuit simulation thus
eliminating the need for additional matrix inversion.

In the following sections, equivalent circuit models of
singleand cascaded E-plane and H-plane step discontinuities,
which form the basic building blocks of many waveguide
components, are presented. In particular, the accuracy of the
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Fig. 1. Geometry of (a) an E-plane step and (b) an H-plane step disconti-
nuity in a rectangular waveguide.

circuit simulation is demonstrated for both interacting and non-
interacting steps. As an example of a practical application of
the new circuit model approach, a comparison of a waveguide
filter analysis by circuit simulation on Libra [6] and standard
mode-matching simulation [3], [7], including the correct edge
behavior [8] is shown.

II. MULTIMODE EQUIVALENT CIRCUIT MODELS

‘The E-plane and I -plane step discontinuities in a rect-
angular waveguide are illustrated in Fig. 1. The multimode
equivalent circuit representations of the fullwave step discon-
tinuity problem can be derived directly from a modal analysis,
as shown below.

A. Modal Analysis

Assuming TE1o mode incidence on the ‘discontinuity, the
reflected and transmitted waves are described in terms of TE,,,q
modes (m = 1, 2, 3, - - - ) for H-plane steps and LSE1,, modes
(n =0,1,2,...) for E-plane steps, respectively [9], [10].
The transverse electric field, E,, and transverse magnetic field
component, H, in each waveguide can be expressed in terms
of expansions in the normalized transverse modal fields [S].
They are given in waveguide I by '

Ey(z,y, 2 va (2)m (@, v)
m=1
M
Hl(z, y, 2 Z I, z, ) (1)
=1
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and in waveguide II by

N
Ef(z,y,2) =Y V()61 (=, v)

n=1

. |
o (z,y,2) ==Y I ()¢l (2, v). )
n=1

VI (z) and I;'''(z) are the total voltage and current
amplitudes of mode k in waveguide I and I, respectively,
and, in general, comprise both the incident and reflected waves.
The orthonormal sets of transverse field solutions ¢Z; /1 (x, y)
for TE,,o modes [13] and ¢ !(x, y) for LSE; ,,—; modes
(n=1,2,3,-..)are given in the Appendix.! The expansions
in (1) and (2) have been truncated to M modes in waveguide
I and N modes in waveguide /1. In order to avoid relative
"convergence problems [3], [11], the number of expansion
terms, M and N, is typically chosen such that M/N is as
close as possible to the corresponding ratio in waveguide
height by /by for E-plane steps or waveguide width, a;/as,
for H-plane steps, respectively.

The continuity of the transverse fields at the discontinuity
at z = 0 yields for the electric field

I —

Ey (.’E » Ys 0) -

on conducting boundary
on aperture A

0,
{E;I(ma Y, 0)7 (3)

and for the magnetic field
Hy(z,y,0) = H(z, 9, 0)

Following the mode-matching procedure as described in [3]
and [7], two systems of linear equations relating the voltage
and current amplitude coefficients in each waveguide are found
as

on aperture A.  (4)

N
Vi=>"CunVii, (m=1,---,M) (5
n=1
and
M
=% Cuall, (n=1,---,N). (6)
m=1

Equations (5) and (6) may be expressed compactly in matrix
form as

vi=cv!
' =c'r’ ©)
with the superscfipt T denoting transposition [3] and [7]. The

coefficients C,,,, are the mode-coupling (overlap) integrals
given by '

Com = / oL (@, ol (z, y)dedy. (8
A

Note that the coupling coefficients are different for H-plane
and E-plane steps (see the Appendix).

It is noted that the conventional modal description of step
discontinuities in terms of incident and reflected waves does
not directly render CAD-oriented equivalent circuit represen-

n order to simplify the general notation for the equivalent multimode
circuit models for E-plane and H-plane step discontinuities, the notation
LSEi, n—1 (=1, 2, 3, - - -) instead of the more common notation LSE;,
(n=0,1,2,---)is used here.
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Fig. 2. Fullwave equivalent circuit of an E-plane and H-plane ste? discon-
tinuity (waveguide I has the larger aperture). The quantities Z,g’ T are the
modal impedances of mode k in waveguides I, II given by (9) for H-plane
steps and by (10) for E-plane steps, respectively. The gain coefficients Cr.n
of the ideal dependent sources are given by the overlap integrals in (8). M
and N modes are retained in waveguide I and I, respectively.
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(a) (b)
Fig. 3. Geometry of (a) a thick iris and (b) a stub discontinuity.

tations. In contrast, (5) and (6) for total voltage and current
amplitudes lead to a simple network description of the step dis-
continuity: voltages in waveguide I are controlled by voltages
in waveguide I, and currents in waveguide /] are controlled
by currents in waveguide I. The corresponding equivalent
circuit representation of the step discontinuity is shown in
Fig. 2. It consists of linear voltage-controlled voltage sources
and current-controlied current sources, which is similar to the
network description of coupled transmission lines [12]. Higher
order modes are represented by their modal impedances, i.e.,

jwp

Zptt = ©
\/ ( m )2 \
— | —w?ue
a1,2 _
for TE,,,; modes [13], and
2
\/ ()4 [M} - e
LI _ e b, 2
" C jwe
w? e
(10)

T N2
e ()
a

for LSE; »—1 modes [10].

It is evident from these equivalent circuit representations
that the step discontinuity only couples energy between the
waveguide modes but does not store energy. Energy storage
is accomplished in the evanescent (reactive) fields excited
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Fig. 4. Multimode equivalent circuit representation of a thick E-plane and H-plane iris. The dependent voltage and current sources are defined in (11)—(14).
The impedance Z and propagation constant v correspond to mode p in region g, respectively, and are defined in the text for both E-plane and H -plane irises.

at the discontinuity which are represented in the equivalent
circuit model in Fig. 2 by reactive modal impedances as
terminations, i.e., by capacitive modal impedances for FE-
plane steps and inductive modal impedances for H-plane steps.
Hence, the equivalent circuit model shown in Fig. 2 provides
a fullwave description of both the E-plane and H-plane step
discontinuity.

B. Cascaded Steps

Many waveguide components including filters and phase
shifters consist of cascaded step discontinuities. If the steps
are sufficiently far apart, higher order modes excited at the
two cascaded discontinuities do not couple and, hence, the
“noninteracting” steps are connected only via one transmission
line representing the dominant mode TE;y mode. If the steps
are “interacting,” i.e., some of the higher order modes couple,
the steps are connected via more than one transmission line.

Two examples of interacting steps which occur in many
practical waveguide components are the thick iris and the stub
discontinuity shown in Fig. 3. Both structures consist of two
step discontinuities which are coupled through the dominant
mode and one or more higher order modes. With reference
to the thick iris in Fig. 3(a), the modal voltage and current
amplitude coefficients representing the transverse electric and
magpetic fields in region A at interface S; are V.2 and IA
(m = 1, ---, M), respectively. Similarly, the voltage and
current coefficients representing the transverse field amplitudes
in region B at interface S; are given by V!Z and I'B
(n =1, ---, N), respectively. The relationship between the
amplitude coefficients at the step between waveguides A and
B at interface S7 is given by

m

N
VA:ZC'r{'LnanB) (m:l,,M) (1D
n=1 )

, N) (12)

mn-m?

M
ne=%"ct.m (n=1,-
m=1

where C}, . represents the mode-coupling at the Sy interface.
Similarly, the voltage and current coefficients at the step

discontinuity at interface Sy are related by

N .
Vo=Y ClvEE (m=1,.-- M) (13)
m mn- ' n

n=1

M
= cll1g, (n=1,---,N) (14)
m=1

where CII represents the mode-coupling at the Sy interface.
For a symmetric iris or stub discontinuity, C = CLI .

The voltage and current coefficients at the two interfaces
S1 and S for each waveguide mode in region B are related
through standard transmission line equations with characteris-
tic impedances corresponding to the modal wave impedances
given by (9) for TE,,,o modes (H-plane steps) and by (10) for
LSE; »—1 modes (£-plane steps), respectively. The propaga-
tion constants are given by

(15)

for TE,,,o modes, and

2 2
VB (1) +[(n~1)ﬂ] ot (16
B

for LSE; ,—; modes. Similar equations are obtained for the
stub discontinuity shown in Fig. 3(b).

As shown above, (11) and (12) lead to a simiple mul-
timode equivalent circuit description for the mode-coupling
at the single step discontinuity at interface S; in terms of
voltage-controlled voltage sources and current-controlled cur-
rent sources. In the case of cascaded steps, the dependent
sources in region B are connected by “modal” transmission
lines. The complete equivalent circuit representation of a thick
(symmetric) iris is shown in Fig. 4 where the voltages and
currents at interfaces S; and Sy are given by (11)-(14).

The corresponding multimode equivalent circuit represen-
tation of the stub discontinuity is obtained by interchanging
voltage and current sources at each interface.
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Fig. 5. Geometry of an inductive iris of variable thickness d in a WR90
waveguide. Dimensions are given in mm.
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Fig. 6. Transmission coefficient of an inductive iris for different thicknesses
d as defined in Fig. 5.
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Fig. 7. Geometry of two cascaded inductive irises, separated by distance d.
Dimensions are given in mm.

IIT. RESULTS

The new equivalent circuit approach has been implemented
in the commercial microwave simulator Libra [6]. The ac-
curacy of the multimode equivalent circuit model for both
E-plane and H-plane steps [13] has been verified by com-
parison with other mode-matching solutions. In order to test
the accuracy of the multimode equivalent circuit model for
interacting steps, both single and cascaded irises and stub
discontinuities are considered.

A. Single and Cascaded Irises

The first case considers inductive irises of various thick-
nesses (Fig. 5), i.e., for various degrees of interaction between
the steps via the higher order modes. Fig. 6 shows the trans-
mission coefficient obtained by circuit simulation for different
thicknesses d of the iris. Also included in the figure are
the results obtained from a mode-matching analysis which
considers the correct edge behavior [8]. Perfect agreement
between the two methods is obtained.

Fig. 7 shows the geometry of two cascaded inductive irises,
separated by distance d. The transmission coefficient computed
by circuit simulation is compared with results obtained with
a mode-matching method [8], as shown in Fig. 8. Again,

virtually perfect agreement between the two methods can be

seen. Also included in the figure are the results for the case
when the irises are defined as two-port circuit elements by
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Fig. 8. Transmission coefficient for two cascaded inductive irises with
dimensions as shown in Fig. 7.

Fig. 9. Geometry of a single E-plane stub in a WR75 waveguide [8].

terminating all higher order modes in the wider regions in

" their modal impedances. In this case, the cascaded irises can

interact only via the fundamental (propagating) TE;o, mode.
As expected, interacting higher order modes can be neglected
even for moderately separated irises (d = 10 mm) but must be
included for correct analysis of closely spaced irises (d = &
mm). The resuits shown in Fig. 8 also demonstrate the stability
of the circuit simulation which dynamically decouples the
higher order modes with increasing separation d between the
irises. This dynamic decoupling of higher order evanescent
modes between interacting step discontinuities is a particularly
attractive feature of the multimode equivalent circuit model
approach as it produces an infrinsically stable analysis and
design tool for waveguide components.

B. Single and Cascaded Stub Discontinuities

Next, a single Z-plane stub discontinuity in a rectangular
waveguide and a structure containing three E-plane stubs are
simulated and compared with the results obtained with the
mode-matching technique in [8] which considers the correct
edge behavior of the fields. The geometry of the single E-
plane stub in a WR75 waveguide is illustrated in Fig. 9. The



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 12, DECEMBER 1996

2568
0 180 - ; o
Multimode Equivalent Circuit Model
*  Mode-Matching (Ref. 8)

) 8 90

—~ 5 e
[ah]

z =

- » °
n D
D 10} a
o

o 0

Multimode Equivalent Circuit Model
e Mode-Matching with Edge Condition (Ref. 8)
-15 : : : -180 —_
10 11 12 13 14 15 10 11 12 13 14 15
Frequency (GHz) Frequency (GHz)
(a) ®
Fig. 10. (a) Magnitude and (b) phase of the reflection coefficient of the E-plane stub discontinuity shown in Fig. 9.
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Fig. 11. Geometry of three cascaded F-plane stubs in a WR75 rectangular
waveguide [8]. Dimensions are given in mm.
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Fig. 12. Reflection coefficient of the E-plane stub discontinuity shown in
Fig. 11.

magnitude and phase response of the reflection coefficient of
the single F-plane stub obtained by circuit simulation is in
excellent agreement with the results given in [8], as shown
in Fig. 10.

The test waveguide structure containing three F-plane stubs
is shown in Fig. 11. The simulated results of the reflection
coefficient are plotted in Fig. 12. Again, the excellent agree-
ment between the results obtained by circuit simulation and the

Fig. 13. Geometry of a bandpass filter for the Ka-band [14]. Dimensions
are given in mm.
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Fig. 14. Scattering parameters of a bandpass filter with dimensions given
in Fig. 13.

mode-matching solution in [8] including the correct resolution
of the main resonance at about 11 GHz is evident. It should
be noted, however, that the second resonance close to 15 GHz
predicted in the circuit simulation is not resolved by the mode-
matching method in [8] but is present in the experimental data
given in [8].

C. Bandpass Filter

In the last application, the equivalent circuit approach has
been implemented in Libra to analyze the bandpass filter
designed in [14] for the Ka-band at 35 GHz and a bandwidth
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of 1 GHz. The filter dimensions are given in Fig. 13. The
results obtained by circuit simulation are shown in Fig. 14 and
compared with the mode-matching method which includes the
correct edge condition. The circuit simulation is performed
by retaining ten modes in the wide regions, five modes in
the irises of width 3.6 mm, and three modes in the irises of
width 2.4 mm in order to avoid relative convergence problems
[11]. The results obtained with the two different methods show
very good agreement, thus validating the equivalent circuit
approach for waveguide filter analysis and design.

IV. CONCLUSION

New equivalent circuit models of single and cascaded
E-plane and H-plane step discontinuities in a rectangular
waveguide have been presented. The CAD-oriented equivalent
circuit models enable fullwave analysis of a large class of
waveguide components and circuits, including irises, stubs,
filters, ‘and phase shifters, on commercial microwave circuit
simulators. The equivalent circuit models have been imple-
mented on Libra to demonstrate their accuracy. Results of
the circuit analysis were found to be virtually in perfect
agreement with solutions obtained with the standard mode-
matching technique based on incident and reflected wave
amplitudes and a mode-matching technique which includes
the correct edge behavior of the fields.

The potential benefits of implementing the proposed equiv-
alent circuit model in commercial circuit simulators include
the direct and full use of available design, optimization,
and graphical user interface capabilities of the CAD tool. In
" addition, implementation of the fullwave analysis and design
tool entirely inside a circuit simulator should offer other
performance advantages over existing waveguide CAD tools.

APPENDIX

The normalized transverse field solutions for TE,,,; modes
in a rectangular waveguide of width a and height b are given

by [10]
2
bm(w, 9) = /= sin (“a).

The coupling coefficient C,,,,, between mode m in waveguide
I of width a; and mode n in waveguide I of width ao
(a1 > ap) is

nmw
C. .. = i —zx ) dr. (18
o e / sin ( x) sin (az x) z. (18)
The normalized transverse field solutions for LSE; ,_; modes
(TE, modes) (n =1, 2, 3, - - -) in a rectangular waveguide of
width o and height b are [10]

)

on(z, y) = %Sb’l sin (g x) cos [(—n—%l)—w y} (19)
where

(20)
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The corresponding coupling coefficient C,,,,, between mode m
in waveguide I of height b1 and mode n in waveguide II of
height by (b1 > bo) is

o= [ con [E525)

- cos [Ll_ y} dy.
b

€2y
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