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Abstract—A novel analytical filter diagnosis technique based on
the partial fraction expansions of admittance matrix is proposed
in this paper. The technique is applicable to computer-aided filter
tuning of a general Chebyshev filter. The key issue in the pro-
posed technique is the extension of the realizability conditions to
the asynchronously tuned filters for removing the phase-loading ef-
fect. Using this analytical diagnosis technique, the inherent disper-
sion effects of the resonators and coupling elements are compen-
sated by removable stray couplings in the diagnosed filter models.
The filter topology that can be handled by this technique is only
limited by the availability of the exact filter synthesis technique
with which the filter to be diagnosed is designed.

Index Terms—Computer-aided tuning, filter diagnosis, filters,
filter synthesis.

I. INTRODUCTION

MICROWAVE filters incorporating the generalized
Chebyshev class of filtering functions have found wide

applications in both satellite and terrestrial communication
systems. A great deal of effort has been made over the past
three decades in analytically synthesizing the filter coupling
matrix according to an adequate topology with an optimal cost
model. The most recent representative work in this subject
would be Cameron’s papers [1], [2].

For a given coupling matrix and filter topology, physical re-
alization of a filter would largely depend on a costly and ex-
perience-based tuning. The core task in filter tuning is a diag-
nosis of the filter coupling status that corresponds to the current
filter response. By comparing the designed circuit model and
parameters (i.e., coupling matrix) against the diagnosed ones,
the tuning direction and magnitude can be easily decided. Note
that the diagnosed parameters must have relevance with those
of the designed.

The computer-aided diagnosis and tuning of coupled res-
onator filters have been an active topic in the filter society
for over ten years. The main driving force to the activities is
the continuous demand on reducing the manufacturing cost
and development cycle for various filter markets. The existing
computer diagnosis techniques are mainly based on nonlinear
optimization [3]–[5] in which different optimization strategies
and schemes for parameter extraction are explored. In addition,
analytical models based on the locations of system zeros and
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poles [6]–[8] and artificial knowledge-based techniques [9]
have also been investigated. The existing analytical models
provide a recursive procedure to determine individual resonant
frequencies and, consequently, inter-resonator couplings for
highly restricted filter topologies [6], [7]. The existing tech-
niques based on nonlinear optimization and artificial knowledge
are of the nature of curve fitting. Due to the discrepancy in
dispersion models between the theoretic and practical filters, if
the coupled resonator circuit model is used in filter design and
diagnosis, people should not be able to find an “exact” match
between the extracted/diagnosed filter model and the designed
filter model by a way of curve fitting.

In this paper, a systematic technique is proposed to ap-
proximately diagnose filter parameters based on a given filer
topology and the measured scattering parameters . No extra
calibrations are needed to determine the loading effect. The
filter topology that can be handled by this technique is only
limited by the availability of the exact filter synthesis technique
with which the filter to be diagnosed is designed.

The “approximation” introduced in the technique mainly
comes from the forfeiture of the dispersion information and
dissipation loss when converting a practical filter response to
an ideal circuit model response. This loss of information is
due to the imperfectness of the theoretic circuit model and
is indispensable in a diagnosis. Being aware of the fact, an
accurate determination of current coupling status would be a
matter of tradeoff. The validation of the proposed technique is
guaranteed by evaluating the poles and residues of the partial
fraction expansions of the admittance matrix according to the
multicoupled resonator filter network with the extended realiz-
ability conditions. Similar to any other diagnosis techniques,
the phase loading at the filter ports must be assessed before a
correct model can be extracted.

In this paper, the newly extended realizability conditions and
the basic theory for removing the phase loading and diagnosing
a filter response are discussed in Section II. Two examples are
demonstrated in Section III showing the validation of the pro-
posed technique. An application of this diagnosis technique of
tuning a six-pole circular waveguide dual-mode filter is given in
Section IV. Conclusions are then presented in Section V.

II. BASIC THEORY

The basic idea of the proposed diagnosis technique is very
simple. By knowing the filter response in terms of scattering
parameters and, consequently, admittance parameters ,
the partial fraction expansions of the admittance matrix can
be determined by finding the poles that are
common to all elements of the admittance matrix, and evaluating
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Fig. 1. Multicoupled resonator network with phase-loading effect.

all the residues corresponding to every
pole. The admittance matrix can now be expressed as

(1)

where is the complex frequency variable.
Theoretically, having obtained the admittance matrix

from measured data, the coupling matrix corresponding to the
filter response and the filter coupling topology can be recovered
by the well-known transversal coupling matrix construction
and a series of rotations to the coupling matrix. The resultant
coupling matrix would comply with the given filter coupling
topology [1], [2].

However, before the measured data is used in the diagnosis
process, the phase-loading effect must be removed from the data
so that all the system poles will appear on the real frequency
axis and at the correct positions. Fig. 1 shows a general two-port
multicoupled resonator network with a phase-loading effect.

The phase-loading effect refers to the discrepancy of the ref-
erence phase measured from an available reference plane at a
filter port in measurement and the reference phase at a port of
an ideal coupled resonator filter model. The phase loading may
comprise several parts, which are: 1) the discrepancy of the ref-
erence phase plane between an ideal circuit model and a prac-
tical network; 2) the dispersion effect of the input/output cou-
pling element; and 3) an extra length of transmission line intro-
duced in measurement. Therefore, this loading effect must be
assessed by the realizability conditions of the multicoupled res-
onator filter model [10], which is the fundamental model in the
synthesis of this class of filters.

In [10], the realizability conditions of a synchronously tuned
filter states that for an admittance matrix to be expressed
by the partial fraction expansions as (1), the following homoge-
neous conditions are necessary and sufficient:

(2a)

(2b)

(2c)

Fig. 2. Inner network with transformers.

It can be shown that the realizability conditions can be ex-
tended to an asynchronously tuned case in which the poles are
still simple and purely imaginary. However, the right-hand-side
conditions in (2a) and (2b) are no longer zero, but a small real
number. The extended realizability conditions serve a critical
role in gauging the phase-loading effect in the proposed diag-
nosis technique.

The admittance parameters of the inner network, as shown in
Fig. 2, can be derived as [10]

(3a)

(3b)

where is an reciprocal coupling matrix and is
the identity matrix. Since is real and symmetric about its
principal diagonal, all of its eigenvalues are real. Thus, it can be
decomposed as

(4a)

where

(4b)

(4c)

and is a real orthogonal matrix with rows of orthogonal unit
vectors. Consequently,

(5)

Relating (3) and (5) yields

(6a)

(6b)
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By the formula given in Fig. 2, the admittance parameters of a
network with transformers can be derived as

(7a)

(7b)

Now the conditions given in (2) for synchronously tuned case
can be extended to asynchronously tuned case. For condition
(2a), the trace of coupling matrix is the sum of its eigen-
values. While, in general, the trace of in the asynchronously
tuned case is not zero as follows:

trace (8a)

Equating in (1) and (7b), the product sum of the eigenvalue
and residue in (2b) can be deduced as

(8b)

Note here that the coupling matrix is defined in (4a). Since
is an orthogonal matrix, the sum of the residues in (2c) can be
deduced as

(8c)

In this proposed diagnosis technique, the amount of phase
loading is gauged by evaluating the above extended realizability
conditions. Having had the phase-loading effect removed, the
locations of the poles can be identified along the real fre-
quency axis. According to (1), we can have a set of over sam-
pled linear equations from the measured data in a matrix form
as follows:

(9)

The residue vector can be solved in the least square sense

(10)

Thus far, all poles and residues and can be deter-
mined by the above-mentioned equations. By the well-known
coupling matrix construction and a series of matrix rotation [1],

Fig. 3. Four-pole circular waveguide dual-mode filter.

Fig. 4. Product sum of eigenvalue and residue versus loading phase diagram
for the dual-mode filter.

the coupling matrix corresponding to the current filter response
conformed in a certain topology can be recovered. Actually,
filter tuning is an iterative process of filter diagnosis. Each of the
diagnosis recovers the current filter coupling status of a physical
filter structure in a tuning process. By comparing the designed
coupling matrix against the diagnosed one, the tuning direction
and magnitude can be easily determined.

III. EXAMPLES OF FILTER DIAGNOSIS

As the first example, a fourth-order circular waveguide dual-
mode filter is simulated using a full-wave electromagnetic (EM)
modal analysis program, which has been fully verified by ex-
periments. The filter consists of two circular cavities that are
separated by a cross iris. As shown in Fig. 3, a tuning tooth
is stuck out at the middle of each cavity; one is at 45 and
the other is at 45 . In this modal analysis, a certain surface
impedance is considered S/m to emulate a
cavity of . The reference planes in the EM simula-
tion are defined at the outer surfaces of the input and the output
irises.

Before the filter is diagnosed, an appropriate phase loading
must be removed from the “measured” -parameters. As dis-
cussed in Section II, the value of the product sum of eigenvalue

and residue is used as a criteria to deter-
mine the phase loading . For this example, the function of

versus loading phase is plotted in Fig. 4 from which
an appropriate phase-loading angle (rad) can be
found. It is worth mentioning that an appropriate phase-loading
angle is not very sensitive to the final result. A variation of few
degrees will not change the result significantly.

In fact, the influence of the phase loading can also be reflected
in the responses of the admittance from which the poles’
locations and the residues of the partial fraction expansions are
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Fig. 5. Imaginary part of y before the phase loading is removed.

Fig. 6. Imaginary part of y after the phase loading is removed.

TABLE I
DIAGNOSED COUPLING MATRIX OF THE DUAL

MODEL FILTER WITH STRAY COUPLINGS

determined. The plots of the imaginary part of the before
and after removing the phase loading are illustrated in Figs. 5
and 6, respectively. Of course, the real part of -parameters
also exists due to the finite conductor loss.

With the eigenvalues and residues determined, the diagnosed
coupling matrix can be determined using the same procedure
by which the filter can be synthesized through a series of ma-
trix rotations. The directly diagnosed coupling matrix of the
dual-mode filter is listed in Table I, where the center frequency
is GHz and the bandwidth is MHz. The
filter response from the diagnosed couplings and the original
EM simulated response are superposed in Fig. 7. Good correla-
tion can be observed. Nevertheless, by examining Table I, two
interesting phenomena that deviate from common sense can be
noticed, which are: 1) the existence of weak stray couplings
( and ) and 2) a small difference between the input
coupling and output coupling . Being aware that a
physical waveguide filter will not behave in the same way as

Fig. 7. Responses of the dual model filter: EM simulated and recovered with
the diagnosed coupling matrix including stray coupling elements.

Fig. 8. Responses of the dual model filter: EM simulated and recovered with
the diagnosed coupling matrix excluding stray coupling elements.

Fig. 9. Six-pole H-plane waveguide Chebyshev filter.

an ideal coupled resonator filter, all the coupling elements and
resonators have dispersion. The dispersion is compensated by
those removable stray couplings and the nonideal symmetry of
the coupling matrix in the diagnosis. If the stray couplings are
removed, as shown in Fig. 8, a reasonably good matching be-
tween the “measured” response and the diagnosed response can
still be obtained.

The second example is a six-pole -plane waveguide Cheby-
shev filter with waveguide dimensions of 0.75 in 0.375 in.
As shown in Fig. 9, six waveguide cavities are separated by
seven rectangular irises. The reference planes are defined at the
outer surfaces of the input and output irises. Again, the full-wave
modal analysis program is used to simulate the filter response
with surface conductivity of S/m that is equivalent
to the filter cavities with .

The similar procedure is applied to the -plane filter. The
diagnosed coupling matrix is compared with the original de-
signed coupling matrix in Table II, where GHz and

MHz. It can be found that the largest error between
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TABLE II
COMPARISON OF THE COUPLING COEFFICIENTS OF

THE SIX-POLE H-PLANE WAVEGUIDE FILTER

Fig. 10. Responses of the six-pole H-plane waveguide filter: EM simulated
and recovered.

Fig. 11. Six-pole circular waveguide dual-mode filter.

the designed coupling elements and the diagnosed coupling el-
ements is approximately 8%. The error is mainly caused by the
inaccuracy of the pole location due to the presence of the con-
ductor loss and dispersion effects. The most obvious dispersion
effect in this example is the deviation in the rolloff slops.

Due to the existence of the dispersion, the original diagnosed
coupling matrix will come with some stray cross couplings.
These unexpected cross couplings create some unwanted trans-
mission zeros. Since there should not be any cross couplings
for an -plane waveguide filter, the stray couplings must be
discarded. The response of the diagnosed filter, after the stray

TABLE III
SYNTHESIZED COUPLING MATRIX FOR SIXTH-ORDER

DUAL-MODE FILTER IN FOLDED STRUCTURE

TABLE IV
SYNTHESIZED COUPLING MATRIX FOR SIXTH-ORDER

DUAL-MODE FILTER IN DUAL-MODE STRUCTURE

Fig. 12. Responses of the six-pole circular waveguide dual-mode filter (first
trial): EM simulated and recovered.

couplings are removed, is compared with the original EM “mea-
sured” response in Fig. 10. Good correlation is observed.

IV. EXAMPLES OF FILTER TUNING

Here, a process of diagnosing and tuning a six-pole dual-
mode filter is demonstrated with the aid of the proposed diag-
nosis technique.

The designed six-order dual-mode filter is physically realized
in a circular waveguide and with two transmission zeros. The
filter consists of three circular waveguide cavities that are sepa-
rated by a cross iris and a rectangular iris, as shown in Fig. 11.
Three tuning teeth are stuck out at the middle of each cavity,
respectively. Due to the polarization of modes in circular wave-
guide, the orientation of input and output irises are different. The
dimensions of input and output waveguide are 0.75 in 0.375 in
and the radius of the circular waveguide is 0.535 in. The same
full-wave modal analysis program is used and surface conduc-
tivity of S/m is introduced to emulate a cavity of

.
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TABLE V
DIAGNOSED COUPLING MATRIX AFTER EACH TRIAL

Two synthesis steps are necessary to obtain the required cou-
pling matrix for the dual-mode circular waveguide filter. The
coupling matrix of a folded structure for the required filter char-
acteristic is synthesized first by a standard technique [1] and is
given in Table III. A further rotation is applied on the folded cou-
pling matrix to derive the final coupling matrix, which is listed
in Table IV, for the dual-mode realization [11]. According to
the elements in the coupling matrix of dual-mode realization,
the initial dimensions of the circular waveguide dual-mode filter
are determined by following the guideline discussed in [12]. In
fact, the design dimensions concerned in the initial design are
also those to be adjusted in the tuning process.

Applying the proposed diagnosis technique, the responses of
the diagnosed filter, after removing the unnecessary stray cou-
plings, are compared with the EM simulated responses of the
first trial in Fig. 12. Good correlation shows the correctness of
diagnosed coupling matrix. The diagnosed folded coupling ma-
trix is then listed in Table V altogether with the designed folded
coupling matrix.

By knowing the differences of the designed and diagnosed
coupling matrix, the tuning direction and magnitude of physical
structures could be decided by employing the space-mapping
technique [13].

With indication of the elements being altered by arrows,
Table V records the changes of the folded coupling matrix in
six tuning iterations. The responses of the recovered coupling
matrix are superposed with the EM “measured” response of the
last iteration in Fig. 13. The EM responses are also compared
with those of the designed filter model in Fig. 14, showing
the success of tuning process. By the nature of the proposed
diagnosis technique, the diagnosed coupling matrix is an ap-
proximation to the designed coupling matrix because of the
dispersions. Being aware of very high sensitivity of in-band
return loss, a fine tuning using nonlinear optimization can be
applied to tune the filter to the desired response.

By examining the data in Table V, several points must be
addressed here. The discrepancy between the input and output
couplings with the targeted values, which has been stated in
Section III, has always existed, especially for . By admitting
this discrepancy, the tuning process can still be carried on. The

Fig. 13. Responses of the six-pole circular waveguide dual-mode filter (sixth
trial): EM simulated and recovered.

Fig. 14. Responses of the six-pole circular waveguide dual-mode filter (sixth
trial): EM simulated and designed.

cause of this discrepancy may be due to the dispersion. Another
interesting point is that the coupling always exists in the
diagnosed coupling matrix and it cannot be eliminated as stray
coupling, but as the diagnosed coupling matrix approaches the
synthesized one, in which the coupling is zero, this cou-
pling becomes smaller and converges automatically.
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V. CONCLUSIONS

An analytical filter diagnosis technique has been proposed
and demonstrated through a number of practical filter examples.
The technique can systematically extract the coupling matrix for
a given general Chebyshev filter topology and measured -pa-
rameters without any prior knowledge. By extending the real-
izability conditions to an asynchronously tuned filter case, the
criteria for removing the phase-loading effect has also been de-
veloped and verified.

Due to the inevitable dispersion in practical filters, as any
other filter diagnosis techniques, the proposed diagnosis model
is not “exact.” It may generate certain removable weak stray
couplings to compensate the dispersion. Nevertheless, the omis-
sion of the stray couplings will still lead the diagnosed param-
eters to a very good starting point to a more specific filter pa-
rameter extraction using nonlinear optimization by which the
dispersion is absorbed into the coupling coefficients.
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