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Coupling Matrix Extraction and Reconfiguration
Using a Generalized Isospectral Flow Method

Stefan Pflüger, Christian Waldschmidt, Senior Member, IEEE, and Volker Ziegler, Senior Member, IEEE

Abstract—The coupling matrix model is a helpful tool during
synthesis and analysis of coupled resonator filters. Application
of the coupling matrix for filter synthesis often requires the
designer to reconfigure the coupling matrix to yield a specific
matrix structure matching the topology of the filter. Currently,
there is no closed-form solution known to this matrix reconfig-
uration problem. This paper proposes a new approach to solve
this problem for coupling matrix representations of general lossy
filters. The method is based on infinitesimal matrix rotations
and can be considered as a continuous analog to the well-known
coupling matrix similarity transforms. The results shown indicate
good convergence behavior of the reconfiguration algorithm,
as well as the ability of the method to always keep the desired
scattering parameter goal. Based on this algorithm, a method
for coupling matrix extraction of lossy filters is presented and
successfully evaluated using simulated and measured scattering
parameter data.
Index Terms—Coupling matrix, coupling matrix extraction, fil-

tering theory, infinitesimal rotation, lossy filters, microwave filters,
similarity transform.

I. INTRODUCTION

T HECOUPLINGmatrix is a mathematical filter model that
is often employed in modern filter synthesis and anal-

ysis procedures. Advanced synthesis methods for coupling ma-
trix descriptions of filters incorporating cross-couplings [1] and
losses [2] have been described in the literature. However, these
methods often result in coupling matrices with a structure that
is inconvenient for hardware implementation. Depending on the
technology used, some structures may be more suitable for re-
alization than others. A fully populated coupling matrix, for ex-
ample, would require direct coupling between all of the res-
onators. Clearly, this topology is not convenient for realiza-
tion within, for example, planar microstrip technology. An ad-
ditional step, transforming the synthesized coupling matrix into
a matrix that realizes the same scattering parameters with a sim-
pler topology, is required for reasonable implementation of the
filter.
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Besides its importance for filter synthesis, finding a transfor-
mation step between two arbitrary coupling matrix structures is
also of relevance for filter analysis. Following fabrication of a
filter, the designer is usually interested in extracting unloaded
quality factors and resonator coupling values from measured
scattering data. These parameters are essential for filter diag-
nosis and subsequent filter tuning. A correlation between the
entries of a coupling matrix extracted from measurement data
and the physical coupling elements of the filter can only be es-
tablished easily if the coupling matrix is transformed to fit the
topology of the filter.
Several methods are known for reconfiguration of fully pop-

ulated coupling matrices into a better suitable form. These are
often based on mathematical similarity transforms that change
the coupling values, but leave the eigenstructure of the matrix
unaffected. Therefore, these transformations modify the cou-
pling values without influencing the scattering parameters as
seen by the I/O ports. Reference [1] gives sequences of transfor-
mation steps that transform a general coupling matrix into a spe-
cific realizable topology like the folded form or the cul-de-sac
configuration. However, the authors of [3] note that it seems
that “there is no simple closed form equation” for calculating
transformation sequences that transform into any general pre-
scribed structure. In [3], a method is given for exhaustively cal-
culating all possible alternative coupling matrix structures to a
given coupling matrix. Whereas this method has the advantage
of finding all possible solutions to the problem, the algorithm is
computationally highly complex, as it involves symbolic calcu-
lation of the matrix inverse of the coupling matrix. Besides ana-
lytical solutions, optimization methods are often used. These try
to simultaneouslymeet conditions on the resulting scattering pa-
rameters as well as on the topology of thematrix. However, local
optimizationmethods as used in [4] and [5] are not guaranteed to
converge to a solution that meets all goals. If the goals cannot be
met simultaneously, the results will not match the desired scat-
tering parameters. To avoid convergence to local minima, the
authors of [6] have used a genetic algorithm that tries to find a
coupling matrix that simultaneously meets the requirements on
scattering parameters and structure. Genetic algorithms are suc-
cessfully used for solving optimization problems with complex
boundary conditions, but the time for convergence to a suitable
solution can be high.
In this paper, a novel approach for transformation of a general

coupling matrix into an arbitrary desired topology is presented
in Section II. This new approach avoids direct optimization of
the values within the coupling matrix. Instead, the basis of the
vector space defined by the coupling matrix is changed itera-
tively in small steps, i.e., each iteration result is another per-
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spective on the same starting matrix with its given eigenvalues.
In each iteration, a gradient can be determined that gradually
changes the basis into a direction that better fulfills the desired
matrix structure target. As only the matrix basis is changed,
there is no accumulation of numerical inaccuracies throughout
the iterations.
It is intrinsic to the method that the spectral properties of the

matrix and the resulting scattering parameters do not change
throughout the iterations. Whereas the referenced direct opti-
mization methods will compromise on the scattering parameter
data to meet the given topology goal, the proposed method will
give a couplingmatrix that realizes the desired scattering param-
eters exactly and matches the desired structure as good as pos-
sible in a least squares sense. This is especially advantageous for
coupling matrix extraction if parasitic couplings between res-
onators have to be considered. Section III focuses on the use
of the proposed reconfiguration method for coupling matrix ex-
traction of lossy filters and gives several examples for verifica-
tion of the method.

II. RECONFIGURATION OF COUPLING MATRICES

A. Basic Coupling Matrix Model
Throughout this paper, the normalized coupling matrix
is used that includes the I/O coupling values within the ma-

trix. The rows and columns associated with these I/O couplings
are marked with a light gray background for better readability
of the matrices.
The scattering parameters are given by the normalized

impedance matrix and can be calculated as
if

if (1)

where maps the th port to the corresponding line and
column in the coupling matrix. The inverse of the matrix can
be expressed using the adjoint and determinant of as [7]

(2)

The impedance matrix can be determined from the coupling
matrix with the low-pass frequency domain variable ,

, and ,

(3)

Within this model, the matrix in general describes losses and
can be combined with the real-valued coupling matrix to
form a complex valued coupling matrix . For
a detailed description of the model and its derivation, see, for
example, [2] and [8]–[10].

B. Description of the Reconfiguration Method
An coupling matrix is given. Following

[11], a projection is defined that suppresses all undesired ma-
trix entries

(4)

The operator denotes the Hadamard elementwise product and
is a binary matrix defining the desired final matrix structure.

contains a zero for each element of that is desired to vanish
in the final reconfigured result and a one for all other elements.
Using these definitions, the transformation of to yield the ma-
trix structure defined by can be formulated as a minimization
problem [11]

(5)

with the Frobenius norm . The scalar func-
tion , called the “structure difference” below, can be un-
derstood as a measure of how good the coupling matrix fits
the desired structure determined by .
By using the eigenvalue decomposition theorem, the coupling

matrix can be decomposed into an transversal coupling
matrix , also known as a global eigenmode representation [12],
and a similarity transformation given by the orthogonal matrix
as [1]

(6)

The structure difference in (5) can then be written as

(7)

A comprehensive discussion of the concept of similarity
transforms within the coupling matrix model can be found in
[12].
Instead of directly modifying the matrix , the proposed op-

timization approach changes the similarity transformation ma-
trix . The location of the filter poles and zeros is invariant
with respect to this modification as long as the following two
aspects are observed. First of all, the generalized eigenvalues
of the matrix pencil , which are equal to the transmis-
sion poles of the filter, must not be changed throughout the
transformation. This requirement is fulfilled by definition if
describes a similarity transformation because similar matrices
share the same eigenvalues. Additionally, transmission and re-
flection zeros also need to remain unchanged by the transfor-
mation. The position of these zeros is influenced by the eigen-
values of the corresponding matrix minors, as can be seen by
calculating the elements of the adjoint matrix in (2). Hence, the
transformations carried out on the submatrices corresponding to
thesematrix minors are also required to be similarity transforms.
These requirements are all met if the transformation matrix
is chosen as follows with an arbitrary similarity transformation
matrix :

It is assumed that the first and last rows and columns of the
coupling matrix describe the input and output ports of

the filter. The corresponding elements of have been marked
gray in (8). These have been set to 0, except for the diagonal
elements, which have been set to 1. This avoids transforma-
tions involving the outer matrix elements, as this would change
the eigenvalues of the matrix minors and thereby change the
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filter zeros as stated before. As long as fulfills the condi-
tion shown, the filter poles and zeros automatically remain un-
changed throughout the minimization process.
The scalar function is to be minimized. To simplify

the following calculations, the matrix is first multiplied by
the term with the identity matrix and an antisym-
metric matrix with infinitesimally small elements. Note that
the term is equivalent to the description of an additional
infinitesimal rotation if [13]. Adding an infinitesimal
rotation does not affect the orthogonality of . As discussed
before, this is a desired property for the minimization of .
Thus, this condition shall be assumed to hold true below.
The optimization problem of (5) can then be stated as

(9)

The partial derivatives of with respect to the infinitesimal
rotations found in the matrix elements of can then be cal-
culated as

(10)

(11)

(12)

The remaining derivative terms in this expression can be
written as follows using the single entry matrix [7]:

(13)

(14)

Replacing the derivative terms in (12) by the results shown in
(13)–(14) finally gives the following expression for the partial
derivatives of :

(15)

with the matrix defined as

(16)

Using the partial derivatives given by (15), the gradient of
with respect to an infinitesimal rotation matrix can be written
as

(17)

The subtraction of the second term in (17) is due to the antisym-
metric structure [7] of the matrix .

Subsequently, with the gradient known, the gradient descent
method can be employed to follow the gradient to a solution of
the minimization problem. During this process, the transforma-
tion matrix needs to keep the structure defined by (8) with

being an orthogonal matrix. The orthogonality property is
not affected by adding infinitesimal rotation steps as shown be-
fore. To keep the outer values of fixed, as described in (8), the
boundary elements of the gradient matrix in (17) are set to zero.
With these considerations, the gradient descent method can be
formulated by the iteration

(18)

with small enough and a given starting point . A possible
starting point is the identity matrix . With this choice,

is directly known without any prior calculations as can
be seen from (6).
The expressions in (18) lead to two different interpretations

of the algorithm. The first expression,
, can be understood to describe a sequence of infinitesimally

small rotations that are applied to move towards the
optimization goal. In the limit of infinitesimally small steps,
these rotations then describe a continuous path from the starting
point to the final optimization goal. From this perspective, the
algorithm proposed in this work can be seen as a continuous
analogy to the discrete rotation steps of the well-known clas-
sical similarity transformations. Following the transformation
path continuously is advantageous for a robust optimiziation
algorithm because, contrary to classical matrix rotations, the
order in which subsequent infinitesimal rotation steps are ap-
plied is not relevant for the result [13]. The second expression,

, gives rise to an interpretation of the
algorithm in terms of a vector field . Each step along the
direction of this vector field moves the algorithm further to-
wards the optimization goal while retaining the spectral proper-
ties—the poles and zeros—of the underlying coupling matrix. A
particle starting at the initial point and flowing along the direc-
tion of this vector field would eventually reach the optimization
goal. As such, the algorithm is similar to the isospectral flows,
which are discussed in [11], for example.
In general, choosing a sufficiently small step size leads to a

solution, but results in a considerable number of iterations. To
speed up the algorithm, we chose to select adaptively. After
each iteration step, the structure difference is evaluated.
If did not decrease with respect to the previous iteration,
the iteration is continued from the previous step with smaller
. If is not infinitesimally small, the application of (18) will
cause a loss of orthogonality between the columns of the matrix
. If is chosen small enough, this effect can be neglected, ac-

cepting a small error in the final result. However, when selecting
adaptively and not necessarily small, the orthogonality of the

matrix needs to be restored. This has been accomplished by
subsequent application of the Gram–Schmidt orthonormaliza-
tion procedure on the columns of . Additionally, (18) fol-
lowed by the Gram–Schmidt algorithm can be applied multiple
times without recalculation of the gradient to speed up the algo-
rithm further.
Algorithm 1 summarizes the steps of the reconfiguration

method using a pseudo-code notation.
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Fig. 1. Initial coupling matrix and reconfigured coupling matrix in folded form of example 1.

Algorithm 1 Steps of the reconfiguration algorithm in
pseudocode notation.

identity matrix

matrix to reconfigure

repeat

score1 , see (5)

Gradient matrix given by (15) and (17)

GramSchmidt

score2 , see (5)

if score2 score1 then

Decrease value of

Continue loop from previous step

end if

until score2 limit or limit

C. Examples
1) Example 1: To demonstrate the application of the method,

the transversal coupling matrix from [1], shown in Fig. 1, is
used. This matrix describes a fully canonical filter with four
transmission poles and four transmission zeros. This coupling
matrix shall be reconfigured into the folded form [1] that is given
by the following structure matrix:

The iterative optimization algorithm described before has
been applied to this example. The matrix to be reconfigured is

set to , the matrices and are shown in Fig. 1. The
identity matrix has been chosen as initial transformation matrix
. is the only matrix that changes during the iterations of

the algorithm, and are not modified in any way. The step
size has been constant with for this example. To
provide a reference for implementation, the matrix within the
first iteration step is shown,

Using the transformation matrices of the subsequent it-
erations, the concept of eigenvalue conservation during the re-
configuration process can be demonstrated. The finite general-
ized eigenvalues of the matrix pencil ,
i.e., the solutions to the equation , can be cal-
culated as

These eigenvalues are found to be equal to the filter poles,
as has been explained in Section II. After completing the first
iteration step, the eigenvalues of the pencil are
found to be unchanged,

It can be seen from the plot of the absolute value of the dif-
ference between the eigenvalue vectors of the first and the
th iteration in Fig. 2 that the eigenvalues remain invariant

throughout all iterations. The same is true for the eigenvalues
of the matrix minors, which determine the zeros of the filter
transfer functions, as has been explained in Section II. Addi-
tionally, the eigenvalue variation plot in Fig. 2 demonstrates
that small numeric errors caused by limited machine precision
and finite step size do not add up throughout the iterations.
For more information about eigenvalue decompositions in the
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Fig. 2. Convergence behavior of the algorithm shown in terms of structure dif-
ference and variation of the eigenvalues over number of iterations.

context of coupling matrices, the reader shall be referred to
[12] for further reading.
For the example shown, the optimization process has been

continued until the structure difference defined in (5)
was smaller than a limit of 10 . The convergence behavior
of the minimization in terms of the structure difference
is plotted in Fig. 2. The algorithm has been implemented using
the Python scripting language, calculation took 0.31 s of time
on an Intel Core i5 processor with 2.4 GHz. The resulting cou-
pling matrix after reaching the stopping criterion is given
in Fig. 1.
The transformation from transversal to folded form has been

deliberately chosen as an example because it is one of the special
cases where a sequence of classical similarity transforms can be
given explicitly to solve the problem. Therefore, the results of
the proposed algorithm can easily be compared to the results of
the classical similarity transforms that are well documented in
the literature. In [1], this known sequence of similarity trans-
forms has been used to derive the solution. The solution given
there is identical to the solution derived by the method shown
in this work for all decimal places given. A comparison of the
scattering parameters of the original transversal coupling matrix
and the reconfigured coupling matrix in folded form is shown in
Fig. 3. The excellent agreement between the scattering param-
eters of the original matrix in transversal form and the trans-
formed matrix in folded form shows the validity of the method.
2) Example 2: To demonstrate the applicability of the pro-

posed method for more complex filter structures, a transforma-
tion from arrow form to a ten-pole extended box topology has
been chosen. The coupling matrix in arrow form, which has
been generated using the methods included in Dedale-HF [14]
from given poles and zeros, is shown in Fig. 4. This matrix is
to be transformed into the ten-pole extended box topology de-
scribed by the structure matrix that is as well printed in Fig. 4.
In general, there may be multiple solutions to the reconfigura-
tion problem that are identical in terms of poles and zeros of the
filter. The conditions required for a coupling matrix reconfigu-
ration problem to possess a unique, multiple, or even an infinite
number of solutions has been assessed in [3]. From this work,
it is known that the extended box topology chosen for this ex-
ample has a total number of 384 distinct complex solutions.

Fig. 3. Comparison of scattering parameter magnitude of original matrix
in transversal form and after transformation to folded form.

The algorithm proposed in this work is based on gradient op-
timization. The optimization problem in the example is ill posed
in the sense that is has multiple solutions. Therefore, the conver-
gence to a specific solution depends upon the starting point of
the optimization. Instead of starting the algorithm with equal
to the identity matrix, the initial transformation matrix has
been chosen as a sequence of random matrix rotations to
discover multiple solutions

(20)

with defined as the transformation matrix

...
... (21)

To study the properties of the the proposed coupling matrix
reconfiguration algorithm, this procedure has been repeated
10.000 times with the randomly transformed starting point .
In 47% of these runs an exact solution to the reconfiguration
problem has been found. Fig. 5 depicts a histogram of the
number of runs that converged to a solution within a given
number of iterations. On average, it took 10 294 iterations for
the algorithm to converge to a solution.
To validate the results, a comparison with the software

package Dedale-HF [14] has been carried out. Dedale-HF
is able to determine the solution set of the coupling matrix
reconfiguration problem exhaustively by symbolic calculation.
The authors of Dedale-HF have found a way of pre-calculating
the results of the time-consuming symbolic matrix inversion
and storing the results in a reference file that is specific to a
given filter topology. As soon as this reference file has been
created, further calculations for the specific filter topology can
be carried out within little time.
For the ten-pole extended box topology, a total number of

384 solutions exist, not including sign symmetries [3]. Using
Dedale-HF, it has been found that for the example considered
in this section, 44 out of these 384 solutions, have a real-valued
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Fig. 4. Structure matrix and initial coupling matrix in folded form of the ten-pole extended box example.

Fig. 5. Histogram of the number of runs out of 10.000 runs that completed
within a given range of iterations for the ten-pole extended box reconfiguration
problem.

coupling matrix solution, which is required for physical im-
plementation. These solutions have been compared with the
results of the proposed reconfiguration method. All exact
solutions found by Dedale-HF also have been found using
the method proposed in this work, which does not require the
complex creation of a reference file and is comparatively easy
to implement.
There is a remaining number of runs that did not converge

to an exact solution. The solution set of these runs includes so-
lutions that do not exactly reach the desired filter topology, but
are near optimum in terms of the structure difference criterion
stated in (5). These solutions cannot be found using the approach
taken by Dedale-HF, but might also be considered for filter im-
plementation, if small deviations from the requested scattering
parameters are still within the filter specification.
Examples of how it is useful to be able to find non-exact,

but optimum solutions in terms of (5) are shown in Section III
within the application of coupling matrix extraction.

Fig. 6. Process of coupling matrix extraction from scattering parameter data,
extending the method proposed in [2].

Fig. 7. Comparison of the original set of scattering parameters to the result of
vector fitting and the scattering parameters calculated from the extracted cou-
pling matrix.

III. COUPLING MATRIX EXTRACTION
As outlined in Section I, there are many fields of applica-

tion for the reconfiguration algorithm presented in Section II.
In combination with the synthesis procedure shown in [2], the
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Fig. 8. Coupling matrix used to generate scattering parameters for validation of the algorithm, coupling matrix extracted from these scattering parameters
, and coupling matrix transformed into the desired topology .

calculation of a coupling matrix with desired structure from a
rational function description of a general lossy filter is possible.
This rational function description of the admittance parameters
of the filter can be derived from scattering parameter data by
transformation to -parameters followed by rational approxi-
mation.
Recently, the vector-fitting algorithm has gained attention for

rational approximation within different fields of engineering
science. In [15], vector fitting has been used successfully to
extract a rational model from measured admittance parameter
data for use in computer-aided tuning of lossy filters. The vector
fitting algorithm [16] has been found to give reliable results for
rational approximation with order and has also been used in
the example given below. As the rational function model with
low order is unable to model a time delay at the filter ports,
any potential time delay first has to be deembedded from the
ports, as is also suggested in [17]. The order of the fit has
to be chosen equal to the order of the coupling matrix model
to be calculated from the synthesis procedure. The quality of
the fit can be used as an indicator whether or not the given
scattering parameter data can be described by a coupling matrix
representation of order .
This procedure is summarized in Fig. 6 in Steps 1–3. Gener-

ally, the result is a fully populated couplingmatrix with complex
values. The real part of these values describe classical capaci-
tive and inductive coupling between the resonators, as well as
self-coupling. Imaginary values on the diagonal entries describe
losses within the resonator that can be related to an unloaded
quality factor. The interpretation of imaginary values in off-di-
agonal matrix entries is discussed in [2] and [18].
The structure of the complex coupling matrix resulting from

Step 3 of the process usually does not reflect the topology of
the real filter being measured. To correlate the values of the
extracted coupling matrix with the parameters of the measured
filter, the coupling matrix first needs to be transformed to reflect

Fig. 9. Comparison of magnitudes of original scattering parameters and mea-
sured scattering parameters of a three-pole filter. A photograph of this filter is
shown at the bottom of the graph.

the topology of the filter. This is achieved in Step 4 using the
coupling matrix reconfiguration algorithm presented before.
Below, the validity of this coupling matrix extraction process

shall be demonstrated using two examples. The first example
uses scattering parameter data generated from a given coupling
matrix model to assess the accuracy of the approach. The second
example uses measured data of a planar filter to demonstrate the
ability of the procedure to deal with the imperfections of real
data.

A. Evaluation of Accuracy

To validate the extraction process shown in Fig. 6, a set of
scattering parameters has been calculated by applying (1) to
a known complex lossy coupling matrix that represents a
four-pole asymmetric filter with two transmission zeros near
the passband edge. The corresponding scattering parameters are
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Fig. 10. Coupling matrix extracted from measured scattering parameters.

shown in Fig. 7 using a solid gray line. Fig. 8 shows the cou-
pling matrix . The filter topology is similar to the example
given in [2].
Fitting the scattering parameters of the filter using the vector

fitting algorithm (Step 1) and converting the resulting rational
model to a coupling matrix model as described before results in
the fully populated coupling matrix shown in Fig. 8. The scat-
tering parameters derived from this coupling matrix match the
original set of scattering parameters very well, as is shown in
Fig. 7. However, the matrix structure of the extracted coupling
matrix is substantially different to the original matrix , par-
ticularly with regard to the coupling between the second and
third resonators. There is significant coupling between these res-
onators in the extracted coupling matrix although there is no di-
rect coupling between these two resonators in the original filter
topology.
To be able to compare the coupling values within these

two coupling matrices, the reconfiguration process derived in
this paper has been carried out. The real part of ,
describing the coupling structure, has been used as input for
the reconfiguration algorithm. The resulting transformation
matrix has subsequently been applied to the complex matrix
in Fig. 8 including losses by calculating

(22)

Hereby, the extracted lossy coupling matrix can be transformed
into the coupling structure of the original coupling matrix. The
result of this transformation is shown in Fig. 8. The coupling
matrix values match the values of the original matrix closely.

B. Extraction From Measured Scattering Parameters

The ability to reconfigure an arbitrary coupling matrix to
yield a prescribed structure has been found especially useful for
the extraction of unloaded quality factors as well as coupling
values from measured scattering parameters of filters.
A filter based on three transversally coupled evanes-

cent-mode resonators is used to demonstrate this application.
The basic structure of this filter has been described before
in [19]. A photograph of the filter is shown in Fig. 9. Essen-
tially, a substrate integrated waveguide is formed using a via
fence. This waveguide is operated below its cutoff frequency.
By capacitively loading the evanescent waveguide at three
places, three resonators are formed. These are coupled by the
evanescent fields extending into the waveguide. Measured
scattering parameters of the filter are shown in Fig. 9. For a
better overview, only the scattering parameters and
are shown in this figure. Nonetheless, the full set of scattering
parameters has been used for analysis of the filter.

The analysis has been carried out by following the steps
shown in Fig. 6 and described above. The target structure of
the coupling matrix reconfiguration (Step 4) has been chosen to
represent a transversally coupled filter without cross-couplings,

A non-resonant node, which is only coupled to the I/O ports,
has been added to the model. The position of the corresponding
coupling coefficients is marked with dark gray color in (23).
These lossy non-resonant nodes add a shunt conductance [2],
which allows the model to include additional losses at the ports.
These may originate from an additional lossy transmission
line used, for example, during measurement. Throughout the
coupling matrix reconfiguration algorithm, these non-resonant
nodes are handled in the same way as the I/O ports.
The result of the extraction process is shown in Fig. 10.

Before processing of the data, it has been transformed from
the bandpass domain into the low-pass domain with a center
frequency of GHz and MHz. Therefore,
all values within the coupling matrix are nor-
malized and can be unnormalized by a multiplication with the
factor . The transversal coupling topology is clearly
visible within the matrix in the secondary diagonal entries.
Additionally, a slightly varying frequency offset between the
resonators can be seen in the main diagonal matrix entries. If
this frequency offset was not desired in the filter design, it could
now be compensated for by post-production tuning. Knowing
the magnitude and location of the deviation from the extracted
coupling matrix facilitates this task.
In addition, the unloaded quality factors of the resonators can

be derived from this coupling matrix description
(24)

By measurement of a single weakly coupled resonator, the un-
loaded quality factor has been estimated as . For com-
parison, the unloaded quality factor of the inner
resonator derived from the coupling matrix of the full filter is
in excellent agreement with this result. The extracted values

and of the outer resonators show a
slightly lower quality factor, which is most certainly caused by
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the coupling structures at the outer ports extending into these
resonators.
The cross-coupling values in the extracted matrix can be

found to be non-zero, which can be plausibly explained by
remaining evanescent fields within the waveguide that extend
beyond the neighboring resonators. The calculation of these
values is the result of a useful property of the proposed recon-
figuration algorithm. In the first place, the algorithm ensures
that the scattering parameters do not change throughout the
reconfiguration. If the desired topology cannot be reached
without compromising the scattering parameters, an optimized
structure with respect to the least squares criterion defined in
(5) is returned.

IV. CONCLUSION AND OUTLOOK

Within this work, an algorithm for reconfiguration of lossy
coupling matrices with arbitrary topology has been proposed.
Using several examples for verification, the applicability for
lossy asymmetric filters has been demonstrated. The concept
of infinitesimal rotations as an analog to the classical similarity
transformations has been discussed as a foundation of the
algorithm.
Furthermore, the proposed algorithm has been used as an in-

tegral part of a process for coupling matrix extraction from scat-
tering parameter measurement data of lossy filters. This process
is able to extract coupling matrices whose matrix structure re-
sembles the filter topology. As discussed within the paper, this
property could enable the use of the coupling matrix extraction
process for a wide range of applications including fast filter op-
timization during filter design as well as manual or automated
post-production tuning. The coupling matrix extraction process
has as well been successfully demonstrated and verified using
simulation and measurement data of a lossy filter.
As has been demonstrated using an example, the mathemat-

ical foundation of the method can be generalized to additional
non-resonant nodes. It is expected that the method can also be
generalized to filters withmore than two ports. This would allow
its use for further research in optimization of coupling matrices
describing multi-port resonant structures.
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