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Abstract — A rigorous method for the full-wave
analysis and design of waveguide filters implemented
in circular waveguide technology, and including off-
centered circular irises, is presented. The implemented
tool is based on an integral equation technique, which
provides a full-wave representation of the elementary
blocks of the analyzed components in terms of
generalized impedance matrices. With the aim of
improving the efficiency of the developed tool, the
radial variation of the modal solutions of the circular
waveguides has been expressed in terms of sinusoidal
functions, thus avoiding the use of the more cumbersome
Bessel’s  functions employed in the classical
formulation. Furthermore, line integrals have been used
(instead of surface integrals) to compute the modal
coupling coefficients of the planar waveguide junctions
involved in the considered filters, thus drastically
reducing the CPU effort related to the implemented
tool. New designs concerning band-pass filters including
off-centered circular irises are also provided. The
obtained results show that the relative position of the
considered circular irises can be considered as a new
design parameter with a noteworthy influence on the
electrical response of the investigated components. The
accuracy of the proposed method has been successfully
validated by comparing the obtained results with data
extracted from both the technical literature and a
commercial software based on the finite-element method.

Index Terms — Circular waveguide filters, integral
equation technique, multimode equivalent network, off-
centered irises.

L. INTRODUCTION

Circular waveguides are widely used in the
fabrication of many passive and active components
(such as waveguide filters [1], traveling-wave tubes [2],
orthomode transducers [3] and turnstile junctions [4]),
and they can be considered as key elements of current
space communications devices in both microwave and
millimeter-wave range [5-8]. Furthermore, the consideration
of off-centered irises in circular waveguide filters is an
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important topic in the design of a great variety of
microwave components, since off-centered irises can
provide a new design parameter (i.e., the relative
position of the iris), thus allowing a more flexible
computer-aided design process. The main motivation of
this work is that, to the authors’ knowledge, very few
works concerning the full-wave analysis of circular
waveguide filters, including off-centered circular irises,
can be found in the technical literature. Besides, a
common feature of such technical contributions is that
they are not focused on developing efficient analysis
tools from a computational point of view. For instance,
the analysis method proposed in [9-10] is based on the
conservation of the complex power technique, which
employs the more cumbersome Bessel’s functions to
express the modal solutions of the circular waveguides,
and also to compute the modal coupling coefficients of
the analyzed planar junctions. Moreover, in contrast to
the procedure used in the present work, such modal
coupling coefficients are computed in [9-10] by using
surface integrals instead of line integrals. Therefore, an
increased CPU-effort may be expected in the solutions
proposed in the aforementioned contributions. In
addition, the modal method used in [9-10] assumed that
no propagation modes exist in the smaller circular
waveguide, thus limiting the validity of such model to a
narrow frequency range.

Another contribution based on the least-squares
boundary residual method was proposed in [11] to
analyze thick eccentric circular irises in circular
waveguides. However, the technique used in such work
also resorts to computing surface integrals in order to
analyze the planar junction, and the convergence of the
obtained results depends on selecting very large
dimensions for the computed matrices. Moreover, the
authors of [11] reported a loss of accuracy at high
frequencies values. A very recent work has been
presented in [12], where complex discontinuities in
circular waveguides are analyzed. Nevertheless, such
work is based on a hybrid approach combining the
finite-element method and a multimode variational
technique, thus requiring higher CPU resources than the
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approach proposed in the present work. In fact, the
authors of [12] state that the simulation of a single
circular discontinuity needs “few minutes” ([12], p. 103)
using a CPU very similar to the one employed in this
work. For comparison purposes, it is worth mentioning
that the simulation tool developed in the present work is
able to perform the overall analysis of a circular
waveguide filter (composed of several discontinuities)
in just few seconds.

Although other analysis methods based on numerical
techniques (as the finite-element method) can be employed
to analyze circular waveguide filters, such techniques
typically use high CPU resources (both time and
memory), since the whole analyzed structure needs to
be meshed to achieve an electromagnetic characterization
of the component.

In order to overcome all cited drawbacks of the
aforementioned contributions, the main objective of this
work is to present a novel and very efficient approach
for the rigorous full-wave analysis of waveguide filters
composed of the cascade connection of circular
waveguides of different radii, and considering the
inclusion of off-centered circular irises (see Fig. 1). The
influence of the off-centered circular irises in the
electrical response of different waveguide filters is
investigated, and some useful guidelines for microwave
designers are provided (i.e., the relative position of the
circular irises can be considered as an important new
design parameter). The implemented tool is based on an
integral equation technique, which provides a full-wave
representation of a planar junction between two off-
centered circular waveguides in terms of a generalized
impedance matrix [13]. This technique is very efficient
from a computational point of view and provides a
wide-band characterization of the waveguide planar
junctions present in the considered device.

Fig. 1. Waveguide filter composed of the cascade
connection of 7 circular waveguides. Note that the
circular waveguides of smaller cross-section represent
the waveguide irises of the filter and they are off-
centered with respect to the axis of the filter. The length
of the waveguide irises is small compared to the length
of the resonators.

With the aim of optimizing the computational
efficiency of the implemented tool, we follow a new
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procedure in which the radial variation of the modal
solutions of the circular waveguides is expressed in
terms of sinusoidal functions, thus avoiding the use of
the more cumbersome Bessel’s functions employed in
the classical formulation. Furthermore, the surface
integrals that must be calculated to compute the modal
coupling coefficients between the two circular
waveguides involved in the considered planar junctions
are transformed into line integrals, thus reducing even
more the CPU effort of the method. Additionally, the
solution of the banded linear system obtained after
performing the cascade connection of the derived wide-
band matrices has been carried out by means of an
iterative technique very efficient from a computational
point of view. As a result, this novel approach produces
a substantial improvement in terms of reduction of the
computational effort with respect to previous works on
the same subject.

In order to validate the proposed method, several
band-pass circular waveguide filters including off-
centered irises are analyzed and designed. The obtained
simulated results are successfully compared to numerical
data extracted from both the technical literature and a
commercial tool based on the finite-element method,
thus demonstrating the accuracy of the implemented
software tool.

II. FULL-WAVE ANALYSIS OF CIRCULAR
WAVEGUIDE FILTERS INCLUDING
OFF-CENTERED IRISES

Waveguide filters based on off-centered circular
irises can be readily analyzed by means of the so-called
segmentation technique [14], which consists of
decomposing the analysis of a complete waveguide
structure into the characterization of its elementary key
building blocks. In our particular case, a waveguide
filter can be described as the cascade connection of
planar junctions between off-centered circular waveguides,
and uniform sections of circular waveguides, as it is
shown in Fig. 1.

Both types of the aforementioned key building
blocks can be characterized in terms of equivalent wide-
band matrices. On the one hand, the electromagnetic
characterization of a planar junction between two off-
centered circular waveguides has been carried out by
implementing the integral equation technique described
in [13], which provides a full-wave characterization of
the discontinuity in terms of an equivalent generalized
impedance matrix (GIM) in the form:

0
26 2% A E=1 (1)
al if E=2
where (&,y)=1,2 denotes the two ports of the junction;
A represents the modal

m.q

coupling coefficients
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between two modes (m-th and g¢-th) of the circular

(n,7)
q

expansion coefficients used to represent the transversal
magnetic field in the plane of the junction, and Q is the
number of the considered expansion coefficients (the
details of this formulation can be found in [13]). The
multimode equivalent representation of the planar
waveguide junction in terms of the GIM derived in (1)

waveguides involved in the junction; « is a set of

has been depicted in Fig. 2. In this figure, /) and
V9 (with &=1,2) are the corresponding modal currents
and modal voltages, respectively; I_f‘f) represents a set of

auxiliary modal currents; N is the number of considered

accessible modes, and I}i(g) are the so-called asymptotic
admittances, which represent the modal admittance of
high-order modes and are defined as follows:
©
—j =, if i is a TE mode
o=y e
jw—f, if i is a TM mode
kt(i)
where =27 f, and kt(f.) is the cut-off wavenumber

related to the i-th mode of the circular waveguide
considered at port (&).
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Fig. 2. Multimode equivalent representation of a planar
waveguide junction in terms of a generalized
impedance matrix.

The main advantage of this technique lies in its
high computational efficiency, due to the fact that the
size of the obtained GIM only depends on the number

of the so-called accessible modes (N and N in Fig. 2),
which is usually low to reach convergent results (10-20
modes in most cases). Moreover, since the frequency
dependence of the obtained integral equation can be
extracted from the kernel of such equation, the efficiency
of the technique gets increased [13].

In order to obtain the elements of the GIM related
to each planar junction, the modal coupling coefficients
between the two circular waveguides involved in the
discontinuity must be calculated first as follows:

Ay = [[ 100 HP (o, a5, 3)

ACES JOURNAL, Vol. 30, No. 11, November 2015

where h{’(p,¢) with (6 =m,q ) is the magnetic vector

mode function related to the o-th mode of the i-th
waveguide (i=1,2), and p and ¢ are the classical

cylindrical coordinates. It is important to emphasize that
the calculation of the coupling integral 4, , constitutes

the core of the method. In fact, once these coupling
coefficients are calculated, the computation of the GIM
related to the planar waveguide junction can be easily
performed following the general method detailed in
[13].

Furthermore, it is important to note that the
previous Equation (3) entails a surface integral that
must be evaluated in the cross-section of the smaller
circular waveguide of the junction. However, in virtue
of the theory developed in [15], such surface integral
can be transformed into a line integral, thus improving
the CPU effort of the implemented tool. This
transformation is very important from a computational
point of view, since all the calculations involved in the
evaluation of the coupling integral (3) must be performed
using numerical methods. Therefore, following the
guidelines of the work presented in [15], the evaluation
of the previous modal coupling coefficients can be
expressed in terms of line integrals as follows:

kK, rovat(p.9)

A _ TE ’ dé, (4
MTE-4TE kt2’q _ktz’m ’ ap zq (p ¢)p ¢ ( )
MrE>qdT™ = O’ (5)
a ™ ,

AmlM’q’[‘E :§l//ma;p¢)l;E(p7¢) d¢9 (6)

ki 102, (ps9)
A - _ tm q > ™ ’ dg. (7
mremsqTm kt2’q _ktz’m f ap l//m (,D ¢),0 ¢ ( )

where k,  represents the cut-off wavenumber related
to the m-th mode of the bigger circular waveguide of
the junction; k, , 18 the corresponding cut-off wavenumber

associated to the g-th mode of the smaller circular
waveguide; v, (0,¢) is the normalized scalar potential
related to the m-th mode of the bigger circular
waveguide, and y,(p,¢4) is the normalized scalar

potential related to the ¢g-th mode of the smaller circular
waveguide. Note that the previous expressions derived
in (4)-(7) for the calculation of the coupling integral (3)
depend on the type of the involved modes (i.e., TE or
TM modes).

To evaluate the modal coupling coefficients using
line integrals, the TE and TM normalized scalar
potentials of a circular waveguide are, therefore,
needed. To this aim, in this work we follow a new
procedure based on expressing the radial variation of
the modal solutions in terms of sinusoidal functions
[16]. Proceeding in this way, the CPU effort related to



the calculation of the modal coupling coefficients is
substantially reduced, since we do not need to deal with
the more cumbersome Bessel’s functions employed in
the classical formulation. The expressions of the
normalized modal potentials (TE and TM) can be
obtained as:

v (p.9) = NF{idfn“ s'm[ﬂ(n + o.5>§j}<by(¢), (8)

n=0

,
v (p.$) =N {de:) sm(mgj}@m ©)

n=1
where R is the radius of the considered circular
waveguide; N, is the normalization factor related to

the m-th mode; d'” is the set of eigenvectors that

describe the radial variation of the m-th mode; s is the
angular modal index related to the m-th mode;
D (p) =cos(s¢) or sin(s¢) depending on the parity of
the mode, and P is the number of terms considered in
the radial expansion. If the angular modal index s is
equal to zero, the following expressions must be used:

;
Vo) (P) =Ny D co{nﬁ@, (10)

n=0
,
Vints=0(P) = Nyrioo) D, co{n(n + 05)%} (11)
n=0

where N, . is the corresponding normalization

factor.

Next, we need to define a common reference
system in order to carry out the computation of the
modal coupling coefficients. To this end, the axis
system depicted in Fig. 3 has been used. In such figure,
the coordinates (p,,¢,) are used to express the offset
of the center of the smaller waveguide with respect to
the center of the bigger waveguide, while (p,¢) and

(py,¢) are the local reference systems used in the
bigger and smaller circular waveguides, respectively.

Fig. 3. Reference system used for the analysis of a
planar junction between two off-centered circular
waveguides.
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Since the line integrations (4)-(7) have to be
performed over the contour of the smaller circular
waveguide, we are interested in expressing the local
coordinates (p,¢) of the bigger waveguide in terms of
the local coordinates (p,,¢) of the smaller waveguide.

Therefore, starting from Fig. 3, it is possible to state:

P =P+ PE+2p,P oS, — ) (12)
(p:arctan[ Po Sm((po)""pl Sm((/’l) ) (13)
£, cos(@,)+ p, cos(e,)

Afterwards, we can use the transformations derived
in (12)-(13) to update the expressions (8)-(11) related to
the normalized modal potentials of the bigger circular
waveguide. The normalized modal potentials of the
smaller waveguide can be readily obtained starting
from Equations (8)-(11), by using the local coordinates
(p;,¢) and denoting as R, the radius of the waveguide.

In the end, the required modal coupling coefficients
derived in (4)-(7) can be computed using classical
numerical techniques, and the corresponding GIM of
the planar junction can be finally calculated by means
of expression (1).

Once the expressions of the wide-band matrices
related to the planar waveguide junctions have been
derived using the proposed technique, next step consists
of characterizing the uniform waveguide sections
present in the component. To this aim, let us consider
the structure represented in Fig. 4, where we have
illustrated a section of an arbitrary filter composed of
the cascade connection of 3 circular waveguides of
different radii. Note that the different planar waveguide
junctions have been highlighted using dashed lines on
the upper side of Fig. 4. In this figure, we have
represented the multimode equivalent representation of

such structure in terms of the computed GIMs Z;}Z”

and Z,z\:lm, which are both associated to the planar

waveguide junctions. We have also included in Fig. 4
the corresponding uniform waveguide section of length
[ used to interconnect the circular waveguides of greater
radius.

Our objective is to obtain a multimode equivalent

representation ( Z,, > in Fig. 4) of the uniform waveguide

section of length /, while also taking into account the
asymptotic admittances introduced by the integral
equation technique (see the dashed lines on the lower
side of Fig. 4). To this aim, we should first obtain an
equivalent lumped pi-network representation for the
uniform waveguide section of length / and, afterwards,
take into consideration the asymptotic admittances
represented in Fig. 4. Proceeding in this way, the
following generalized impedance matrix can be readily
computed:
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where Y@, Y and Y'© are diagonal matrices whose
non-zero elements can be written as:

Y = j¥,, (tan(B,1/2)=cse(B,1) =Y R, (15)

Y =Y, ese(B 1), (16)

Y = jY,, (tan(B.1/2)—ese(B 1) =Y, (17)

with i=12,..,N, being N the number of considered
accessible modes. In the previous Equations (15)-(17),
Yy, is the modal characteristic admittance related to the

i-th mode of the considered waveguide section, and f,
is the corresponding propagation constant.

PWJ1 PWJ2
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T
:

L

Planar waveguide junctions (PWJ)
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YI,PWJI [ o YLPWJZ
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|
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T
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: —_—— :
_ 0] Hil _ 0 o
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YN.PWJ] - YN,PWJI 7 uws YN,PWJZ T YN,PWJz

m,n

Fig. 4. Section of an arbitrary circular waveguide filter.
Multimode equivalent network representation in terms
of the obtained generalized impedance matrices (GIM).
Note that N accessible modes are considered, and a
uniform circular waveguide section of length 7 is
included between the two GIMs.

Once the expressions for the wide-band matrices of
all the elementary blocks of the structure (i.e., planar
waveguide junctions and uniform waveguide sections)
have been derived using the proposed techniques, the
cascade connection of the obtained generalized
impedance matrices must be performed in order to
compute the electrical response of the whole filter. In
relation to this, a very important advantage derived
from expressing the GIM related to the uniform
waveguide sections in the way we have previously
described, is that the cascade connection of the obtained
wide-band matrices produces a banded linear system
(the non-zero coefficients of the matrix are distributed
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over its main diagonals), which can be efficiently
solved by means of an iterative technique. In fact, the
banded configuration of such linear system can be
exploited to perform an efficient inversion of the
coefficients matrix following the guidelines proposed in
[17] (although the procedure described in [17] is
applied for the connection of generalized admittance
matrices, it has been properly extended to cope with the
cascade connection of generalized impedance matrices).

III. RESULTS AND DISCUSSION

The objective of this section is to validate the
implemented tool for the full-wave analysis of
waveguide filters based on off-centered circular irises.
In order to obtain convergent results in the performed
simulations, only 15 accessible modes have been used
in all circular waveguides, and P=150 terms have been
required in the radial expansions of the expressions
(8)-(11). In addition, it is important to point out that the
implemented tool is able to detect the presence of
identical planar junctions in the filter to avoid
unnecessary calculations (such detection is specially
important in the case of symmetrical filters).
Furthermore, if the circular irises of the filter are all in a
centered position, note that only TE,, and TM,, modes

are excited, and the developed tool is able to exploit
this fact to reduce the overall CPU effort.

Firstly, we proceed to validate the proposed tool by
analyzing a band-pass waveguide filter designed in [1],
which makes use of centered circular irises (note that
the method proposed in [1] can deal only with filters
including centered irises). In this particular case, since
the component does not include off-centered irises, the
offset value is p,=¢, =0 (see Fig. 3). The analyzed

filter is composed of the cascade connection of 7
circular waveguides, and its geometry and dimensions
can be found in [1] (page 1140, Fig. 1). The radii (mm)
of the waveguides are (numbered from left to right,
according to Fig. 1): R, =R, =6.985 (input and output
waveguides), R, = R; =6.985 (resonators), R, = R, =4.34
and R, =3.51 (irises). The length of the two resonators

is 18.7 mm, and the thickness of the irises is 0.1 mm.
This filter has been simulated using the implemented
tool and the obtained scattering parameters are
presented in Fig. 5. In this figure, our results are
successfully compared with the data presented in the
technical literature [1]. With regard to the computational
efficiency of the developed tool, it is worth mentioning
that the electrical response was computed in just 0.06
seconds per frequency point (Intel Core i3@3.1 GHz -
4 GB RAM).
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Fig. 5. S-parameters (dB) of a circular waveguide filter
composed of 7 waveguides. The circular irises are all in
a centered position. The obtained results are compared
with the data extracted from the technical literature [1].

Next, we investigate the effect of considering off-
centered circular irises in the structure. To this aim, we
start from the filter analyzed in Fig. 5, and we proceed
to off-center the circular irises of the component in
order to study the influence of such variation on the
electrical response of the device. Although, in this case,
the three irises of the filter have been off-centered in the
same magnitude, note that the implemented tool can
deal with arbitrary off-centered irises, so there is no
restriction in assigning a different offset to each circular
iris. Figure 6 shows the electrical response of the filter
for different values of the considered offset
p,(mm), ¢ (rad). The electrical response of the filter

with centered irises (blue solid curve) has also been
included in Fig. 6. Moreover, we have successfully
compared the results of our simulation tool for the
general case p, =2.343 mm, ¢, =0.876 rad (grey solid

curve) with the simulated data provided by a
commercial simulation tool (Ansoft HFSS 12) based on
the finite-element method (FEM), thus fully validating
the accuracy of the proposed technique. The results
presented in Fig. 6 have been calculated in just 0.09
seconds per frequency point.

With regard to the parametric study performed in
Fig. 6, it is important to point out that, compared to the
filter with centered irises (blue solid curve), the
electrical response of the component hardly change
when different values of p, are considered along the

line ¢, =n/2 rad (vertical displacement of the center

of the iris). In fact, we observe that the electrical
response for the case p, =225 mm, ¢, =n/2 rad,
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only has experienced a frequency shift, preserving both
a good reflection level and the original relative
bandwidth. As a consequence, these results show that
the relative position of the circular iris can be
considered as an additional design parameter to easily
achieve a frequency shift of the electrical response of
the device.

However, when different values of p, are considered

along the line ¢ =0 rad (horizontal displacement of

the center of the iris), a severe degradation of the
passband of the filter may be expected, specially when
high values of p, are considered (see, for instance, the

red solid curve in Fig. 6). The same behavior can be
observed for a general displacement of the center of the
circular iris (see grey solid curve in Fig. 6). Therefore,
in general terms, we conclude that a degradation of the
electrical response of the filter may be expected when it
has been specifically designed with centered circular
irises.

0
-10 |
-20
o : :
g .30 —— Centered irises
(LJ& — p0=2.25, ¢0=0
40 | R
- — po=1, ¢0=n/2
) ——py=2.25, ¢ =n/2
-50 py=2.343, ,=0.876|
* FEM
-60

13 13.5 14 14.5 15 15.5 16
Frequency (GHz)

Fig. 6. Transmission parameters (dB) of the waveguide
filter analyzed in Fig. 5 considering off-centered circular
irises.

Finally, we present in Fig. 7 a new design of a Ku-
band band-pass filter implemented in circular waveguide
technology (composed of the cascade connection of 7
waveguides), including off-centered circular irises. A
simple custom code based on the minimization of the
average return losses has been developed in order to
design the filter. In this design, the three irises of the
structure have been off-centered using different offset
values. The considered offsets have been listed in Table 1,
while the radii and lengths of the circular waveguides
are shown in Table 2 (the waveguides and irises have
been numbered from left to right, according to Fig. 1).
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Fig. 7. Design of a band-pass filter including off-
centered circular irises. The electrical performance of
the designed filter (solid curves) is compared with the
case where centered circular irises are used (dashed
curves). Simulated data obtained using a commercial
software based on the finite-element method (FEM) are
also included to validate the proposed method.

Table 1: Offsets of the irises considered in the band-
pass filter designed in Fig. 7

Iris P, (mm) ¢, (rad)
1 2.485 1.367
2 2.711 1.549
3 2.208 1.311

Table 2: Radii and lengths of the circular waveguides of
the band-pass filter designed in Fig. 7

Waveguide Radius (mm) Length (mm)

1 6.985 10.0

2 3.946 0.1

3 6.985 14.541

4 3.208 0.1

5 6.985 14.525

6 3.968 0.1

7 6.985 10.0

It is worth noting that the band-pass filter designed
in Fig. 7 presents an improved electrical response with
respect to the filter designed in [1] (see Fig. 5), which
operates at the same frequency band and makes use of
the same number of circular waveguides (employing
centered irises). In this case where off-centered irises
have been employed, we have achieved a reflection
level under —20 dB in the whole passband (about 250 MHz)
of the filter, thus proving that the relative position of
the iris can be considered as a new design parameter.
We have also compared the results of our simulation
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tool (off-centered case) with the simulated data provided
by Ansoft HFSS, and an excellent agreement can be
observed, thus fully validating the accuracy of the
proposed modal technique.

Moreover, we have also included in Fig. 7 (using
dashed lines) the electrical response of the new
designed filter, but this time considering centered irises.
It can be observed that the filter based on off-centered
irises provides an improved electrical performance
compared to the filter based on centered irises, thus
demonstrating that the relative position of the iris has a
noteworthy influence on the design process.

It is important to mention that the overall analysis
of the new designed filter (off-centered case) only
needed 0.12 seconds per frequency point. In contrast,
the simulation performed using the commercial tool
based on the finite-element method needed 2.3 seconds
per frequency point (almost 20 times slower). Moreover,
the hybrid analysis method presented in [12] needs few
minutes to analyze just one planar junction between two
circular waveguides. Therefore, the developed software
achieves a substantial improvement in terms of reduction
of the computational effort with respect to other analysis
techniques, so it can be employed for design purposes
employing very low CPU resources.

IV. CONCLUSION

A rigorous method for the full-wave analysis of
circular waveguide filters including off-centered irises
has been proposed. The implemented tool is based on
an integral equation technique, and makes use of the
segmentation method to provide a rigorous electromagnetic
characterization of all the elementary blocks involved in
the analyzed filters in terms of generalized impedance
matrices. The presented technique, which is very
efficient from a computational point of view compared
to other technical contributions on the same subject, has
been successfully validated through the analysis and
design of different band-pass waveguide filters with
centered and off-centered circular irises. The obtained
results show that the relative position of the circular
waveguide irises can be considered as a new design
parameter having a noteworthy influence on the electrical
response of the analyzed waveguide filters.
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development of efficient simulation tools for the devices making use of full-wave analysis methods.
analysis and design of microwave and millimeter-wave



