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Model-Based Vector-Fitting Method
for Circuit Model Extraction of
Coupled-Resonator Diplexers
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Abstract— In this paper, a novel rational function approxi-
mation method, namely, model-based vector fitting (MVF), is
proposed for accurate extraction of the characteristic functions
of a coupled-resonator diplexer with a resonant type of junction
from noise-contaminated measurement data. MVF inherits all the
merits of the vector-fitting (VF) method and can also stipulate
the order of the numerator of the model. Thus, MVF is suitable
for the high-order diplexer system identification problem against
measurement noise. With the extracted characteristic functions,
a three-port transversal coupling matrix of a diplexer can be
synthesized. A matrix orthogonal transformation strategy is also
proposed to transform the obtained transversal matrix to a target
coupling matrix configuration, whose entries have one-to-one
relationship with the physical tuning elements. The whole model
extraction procedure is analytical and robust, and can be used in
a computer-aided tuning (CAT) program for coupled-resonator
diplexers. A practical tuning example of a diplexer with a com-
mon resonator is given in detail to demonstrate the effectiveness
and the practical value of the proposed method.

Index Terms— Computer-aided tuning (CAT), coupling matrix,
microwave diplexer, rational approximation, vector fitting (VF).

I. INTRODUCTION

COUPLED resonator networks are commonly utilized as
frequency-selective devices in RF and microwave passive

circuits such as filters, diplexers, and multiplexers, and play
very important roles in modern communication systems. It is
well known that the transfer and reflection characteristics of a
coupled-resonator network can be described by a set of rational
functions [1]. The concept has been successfully applied not
only to the design of bandpass filters, but also other functional
microwave networks such as power dividers [2], diplexers [3],
multiple-input multiple-output (MIMO) antenna decoupling
networks [4], and nonreciprocal networks [5]. There are var-
ious ways to implement a coupled-resonator network: cou-
pled waveguide resonant cavities, coupled coaxial combline
resonators, and coupled dielectric resonators of multiple
modes are commonly seen in today’s communication systems.
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In mass production of such microwave devices, the physical
realization is highly sensitive to the dimensional tolerance of
the resonators as well as the coupling elements. Therefore,
manual tuning is necessary in the production process to meet
the stringent system specifications. Traditionally, the tuning
is accomplished by skilled technologists through consecutive
manual adjustments based on their years of accumulated
experience. Tuning a coupled-resonator device with a complex
coupling topology is a demanding, time-consuming, and costly
process. A computer-aided tuning (CAT) tool that can identify
those unsatisfying coupling values and deterministically guide
the tuning process is highly appreciated in the microwave
industry. With such a CAT tool, the tuning process will depend
much less on human experience and the cost of the production
can be greatly reduced.

Up to now the majority of research efforts devoted to CAT
algorithms are for bandpass filters [6]–[11]. With the measured
(or electromagnetic (EM) simulation) results of the device, the
circuit model that corresponds to the current tuning state is
extracted, which is then compared with the designed circuit
model to suggest the tuning direction and amount for the next
tuning step.

Obviously, the most critical and difficult part in the CAT
procedure is the extraction of the circuit model from measured
data. Although this task can be undertaken by optimization
techniques [7], such approaches are time consuming and
heavily depend on a set of good initial values. It is much
more difficult to analytically extract the circuit model of a
diplexer than that of a filter for three major reasons. First, the
interaction between the two channel filters makes the diplexer
a high-order system. The traditional rational function approxi-
mation method, like the Cauchy method, has the problem of ill
conditioning when it is used to deal with high-order systems.
Second, to meet the stringent requirement of Tx and Rx iso-
lation, complex coupling topologies are commonly seen in a
diplexer introducing finite-position transmission zeroes (TZs)
to improve the isolation. As a result, how to obtain the circuit
model, which can give the identical response with the device
and has the same coupling structure, is a challenging problem.
Third, the measured frequency response of the diplexer is
inevitably contaminated by measurement noise, and the iso-
lation characteristics can be completely buried by the noise
floor. Although there are some discussions on diplexer circuit
model extraction in the literature [12], no practical application
has yet been presented.
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Fig. 1. Complete circuit model that corresponds to practical measurement
or EM simulation of a general three-port coupled-resonator network.

To address the mentioned issues, a new rational func-
tion approximation method called the model-based vector
fitting (MVF) is proposed in [13]. This paper is a substantial
extension of [13] where several issues related to the implemen-
tation of MVF, including the selection of initial poles and the
iterative pole relocation procedure, are further elaborated upon
in this paper. Additionally, the details of how to synthesize the
three-port transversal coupling matrix from the obtained ratio-
nal functions are explained. A novel similarity transformation
strategy is also proposed in this paper, which reconfigures the
transversal coupling matrix to the right matrix configuration.
The strategy can be generalized to be suitable for other star-
junction diplexers with common resonant nodes.

The basic theory on the multi-port coupled-resonator net-
work underlying the circuit model extraction method is briefly
introduced first. The MVF method is then proposed for fitting
the characteristic functions of the coupled-resonator diplexer,
which evolves from the original vector-fitting (VF) technique
and solves the “over-fitting” and “under-fitting” problems
with the VF approach. By introducing a set of pole-located
monomials as the basis functions, MVF enjoys the merits of
the traditional Cauchy method, by which the order of the
numerator of a rational function can be stipulated in the fitting
procedure and the VF method, by which the conditioning
of the system equations is better and the accuracy of the
fitting is improved by the iterative pole relocation procedure.
How a three-port transversal coupling matrix is synthesized
from the poles and residues determined in MVF is described,
and then the transversal matrix is reconfigured to the right
form following a sequence of similarity transformations. The
measured data of several tuning states of a coupled-resonator
diplexer with a common resonator are used to illustrate the
complete circuit model extraction procedure. It can be seen
that the extracted circuit model with the method proposed in
this paper can capture very subtle adjustment made to the
physical tuning elements, which validates the robustness and
the practical value of the proposed method.

II. ADMITTANCE MATRIX OF A COUPLED

RESONATOR DIPLEXER

A. De-Embedding of the Phase Offset

For any practical measurement or EM simulation setup of a
coupled-resonator diplexer, the proper circuit model that can
represent the entire system is depicted in Fig. 1. As discovered
in [9], there is a constant phase loading θx that results from
the high-order modes associated with I/O coupling at each
port. Besides, a piece of transmission line lx is there for

Fig. 2. (a) Phases of S11, S22, and S33 of the raw measured data. (b) Phases
of S11, S22, and S33 after removing the phase loading and de-embedding the
transmission line at each port.

connection of the device in practical measurement setup, or
for extending and clearly defining the port in EM simulation.
The center block of Fig. 1 is the body of the diplexer
composed of coupled resonators, which can be described by
a three-port coupling matrix M. In [9], the phase loading
effect and the transmission line are removed by observing
the asymptotic phase response of each reflection coefficient
beyond the passband. For example, Fig. 2(a) shows the phases
of the measured reflection coefficients from one of the tuning
states of the testing diplexer shown in Fig. 3(a) with respect
to the normalized low-pass domain angular frequency vari-
able, and Fig. 2(b) shows the phases after phase loading and
transmission lines are de-embedded, where the phases of the
reflection coefficients approach zero as s approaches infinity.
Correct removal of the phase offset is crucial for identifying
the true poles and zeroes of the Y -parameters.

B. Multi-Port Coupling Matrix

After the phase offset at each port is de-embedded, the
S-parameters are then converted to Y -parameters numerically
with respect to unitary reference admittance at all ports. The
Y -parameters are then consistent with the short-circuit admit-
tance characteristics of a coupled-resonator circuit model with
J -inverters as the leading elements at all port. A multi-port
coupled-resonator network can be described by a coupling
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Fig. 3. (a) Photograph of the testing diplexer. (b) Routing diagram of the
testing diplexer. Circles marked P1–P3 represent the three ports and the other
circles represent resonators. Solid straight lines are either mutual couplings
between resonators or I/O couplings.

matrix in the form of block matrices as

M =
[

Mp Mpn

MT
pn Mn

]
(1)

where Mp is a p-by-p sub-matrix consisting of direct cou-
plings between the p ports, Mn is an n-by-n sub-matrix con-
taining all the mutual couplings between the n resonators and
the self-couplings of resonators, Mpn is a p-by-n sub-matrix
holding all the I/O couplings, and superscript T denotes the
matrix transpose. The relationship between the Y -parameters
and M is found to be [14]

Y = jMp + Mpn(sIn + jMn)
−1MT

pn

= jMp +
n∑

k=1

1

s + jMn(k, k)
Mpn(:, k)Mpn(:, k)T (2)

where Mpn(:, k) denotes the kth column vector in the
matrix Mpn . From (2), two basic properties can be observed:
1) the elements in the Y -parameters share a set of common
poles and 2) the residue matrix is symmetric and is of rank
one. The second property is called the compactness of the
residues.

To correctly restore the coupling matrix of a diplexer,
the above-mentioned two properties must be satisfied by
the Y -parameter rational functions. The first property can
be enforced during the rational fitting procedure, as will
be demonstrated in Section III. The second condition will
not be implemented since otherwise quadratic constraints are
involved and nonlinear optimization techniques are needed to
solve the problem. However, in applying the MVF technique
to the measured data of a physical coupled-resonator network,
the residues obtained by the rational function approximation
procedure to be discussed next always well satisfy the second

property with very small numerical errors, provided that the
phase offset at each port has been correctly de-embedded.
Thus, a transversal coupling matrix can still be synthesized,
which will be discussed in Section IV.

III. MVF FORMULATION

To explain the circuit model extraction procedure, measured
data of the coaxial resonator diplexer shown in Fig. 3(a)
are used. The diplexer is introduced in [15], whose lower
frequency band is 2.478–2.568 GHz, and upper frequency
band is 2.620–2.718 GHz. The routing diagram of the diplexer
is shown in Fig. 3(b), where hollow circles with numbers
inside represent resonators and the solid straight lines represent
couplings. The two channel filters both consist of five res-
onators, and resonator No. 6 constitutes a resonant type of
junction.

Once the measured data are obtained, the physical frequency
is mapped to the low-pass frequency domain by

ω = f0

BW

(
f

f0
− f0

f

)
(3)

where, in this case, f0 = √
2.478 × 2.718 = 2.595 GHz, and

BW = 2.718 − 2.478 = 0.24 GHz, respectively. The complex
frequency variable s = jω will be used in the rational function
description of the characteristic functions.

The phase offset at each port is first de-embedded from
the measured S-parameters, as mentioned in Section II-A.
The S-parameters are then converted to Y -parameters for
identifying the poles and residues in order to obtain the
transversal coupling matrix for the diplexer.

A. Original VF

A method of finding the rational function approximation can
find applications in many engineering fields. A milestone in the
history of solving the rational function approximation problem
is the development of the VF technique [16], [17]. VF outper-
forms the Cauchy formulation in that it adopts partial fractions
as the basis functions instead of the monomials, thus rectifies
the ill-conditioning problem and substantially improves the
robustness of the system equations. In the diplexer circuit
model extraction problem, there are six rational functions
to be determined, i.e., Y11, Y12, Y13, Y22, Y23, and Y33 in
the three-port reciprocal Y -matrix of a diplexer. Using the
VF approach, to ensure all the rational functions share the
same poles, the system equations are assembled in the form
of block matrices as

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

A1 0 0 0 0 0 −Y11A2

0 A1 0 0 0 0 − Y12A2

0 0 A1 0 0 0 − Y13A2

0 0 0 A1 0 0 − Y22A2

0 0 0 0 A1 0 − Y23A2

0 0 0 0 0 A1 − Y33A2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

c11

c12

c13

c22

c23

c33

c̃

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

y11
y12
y13
y22
y23
y33

⎤
⎥⎥⎥⎥⎥⎥⎦

(4)
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where
the i th row of A1 =

[
1

si − a1

1

si − a2
· · · 1

si − aN
1

]
(5a)

A1 ∈ C
m×(N+1)

the i th row of A2 =
[

1

si − a1

1

si − a2
· · · 1

si − aN

]
(5b)

A2 ∈ C
m×N

Ypq = diag{Ypq(si )} ∈ C
m×m (5c)

ypq = [Ypq(s1) · · · Ypq(sm)]T ∈ C
m×1 (5d)

cpq = [
c pq

1 c pq
2 · · · c pq

N d pq
]T ∈ C

(N+1)×1

(5e)

c̃ = [
c̃1 c̃2 · · · c̃N

]T ∈ C
N×1. (5f)

In (5a) and (5b), ak is the kth pole of the system equations.
In (5e) and (5f), cpq

k is the residue corresponding to ak and
d pq is the constant term of the numerator rational function
of Ypq . c̃k is the residue of the denominator rational function.
m is the number of sampling points and N is the order
of the system. For the diplexer shown in Fig. 3, N = 11
because there are a total of 11 resonators. It can be seen
from (5a) and (5b) that the VF formulation uniformly adopts
partial fractions as the basis functions to fit all six of the
Y -parameters.

After the residues cpq and c̃ are obtained by solving (4)
in the sense of least squares (LSs), the new system poles are
located to the zeroes of

N∑
k=1

c̃k

s − ak
+ 1 = 0 (6)

which is known as the iterative pole relocation process of VF.
Direct computation of the roots of the high-order numerator
polynomial of (6) can be inaccurate. Alternatively, they can
be accurately and conveniently calculated as the eigenvalues
of the matrix [16]

A − b · c̃T (7)

where A is an N-by-N diagonal matrix holding the original
poles ak . b is a column vector of ones and its dimension
is N . c̃ is defined by (5f) and superscript T denotes the matrix
transpose.

The system (4) are then updated with the newly computed
poles ak and are solved in an iterative manner until conver-
gence is achieved. Convergence of the iterative pole relocation
procedure is achieved when the elements of the vector c̃
become sufficiently close to zero. The procedure converges
fast, normally within a few iterations, and it is not sensitive
to the choice of the initial set of poles ak .

For general applications the starting poles are suggested to
be chosen as complex numbers with small negative real parts,
and their imaginary parts covering the frequency interval of
interest, to avoid the ill-conditioning problem of the system
matrix [17]. In the system identification problem of the testing
diplexer, the 11 initial poles are chosen as

− 0.01−1j,−0.0079−0.79j,−0.0058 − 0.58j
− 0.0037 − 0.37j − 0.0016 − 0.16j,−0.0005 + 0.05j

− 0.0026 + 0.26j − 0.0047 + 0.47j
− 0.0068 + 0.68j,−0.0089 + 0.89j,−0.011 + 1.1j

Fig. 4. (a) Measured and fitted data of Y12 with the VF approach.
(b) Measured and fitted data of Y23. Dash lines are the Y -parameter converted
from the measured S-parameter with phase offset removed. Solid lines
represent the rational approximation result given by VF.

where the imaginary parts are linearly distributed in [−1, 1.1]
and the real parts are all negative and the values are 1% of
those of the imaginary parts.

The comparison between the measured and the fitted
Y12 and Y23 are shown in Fig. 4(a) and (b) in a logarithmic
scale. Two issues are identified in the fitting results. The first
one is that the trans-admittances Y12 is under-fitted outside
of the passband, where those data with small magnitude are
not well fitted. Another issue is the over-fitting problem in Y23
fitting, where the model is trying to fit the measurement noise,
whereas the true response is obviously buried by measurement
noise beyond the passband.

B. MVF Formulation

In order to deal with the “under-fitting” and “over-fitting”
problems in the original VF formulation for diplexer system
identification, the MVF formulation is proposed, which intro-
duces the pole-located monomials as the basis functions and
includes proper weighting factors to improve the accuracy of
the fitting result.

As the system is solved in the sense of LS, which aims at
minimizing the sum of the squares of absolute errors, those
data with large absolute values will dominate in the procedure,
leading to absolutely small, but relatively large, fitting errors
for those small data, which also contain important information
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of the current state of the coupled resonators. In order to stress
the significance of those small-valued data, the weighting
factors, chosen as

Wpq = 1√|Ypq | (8)

are multiplied to the data of Y12 and Y13, which magnify the
LS error of small data and minify the error of large data,
thus the relative accuracy can be balanced. However, at the
same time, when the LS error of small data is stressed, the
measurement noise is also magnified, which deteriorates the
“over-fitting” problem.

It is well known that, for a coupled-resonator filter, both the
order of the numerator of the transfer function S12 and that of
the trans-admittance Y12 are equal to the number of TZs, which
can be told from the routing diagram of the resonators. It is the
same with a coupled-resonator diplexer network. For example,
in the testing diplexer, there is a tri-section in each channel
filter that introduces one TZ, and the five resonators from the
other channel filter contribute five additional complex TZs on
the left half s-plane. Thus, both orders of the numerators of
Y12 and Y13 are 6. The order of the numerator of Y23 is 2 as
a result of the two cascaded tri-sections. Taking the parasitic
couplings into consideration, a more practical estimation is
that the orders of the numerators of Y12, Y13, and Y23 are
7, 7, and 4, respectively.

The original VF formulation (4) uniformly adopts the
partial fractions as the basis functions for all six of the
Y -parameters in the Y -matrix. The model of linear combi-
nation of partial fractions gives the numerator an excessive
degree of freedom than that actually needed, which makes the
model over attempting to fit the measurement noise in the
fitting of the trans-admittances. Thus, the VF approach leads
to the “over-fitting” problem. In other words, the order of the
numerator cannot be fixed to be a number less than N − 1 in
the following equation:

Ypq(si ) � p(si )

σ (si )
=

(
N∑

k=1

ci j
k

si−ak

)
+ di j

(
N∑

k=1

c̃i j
k

si−ak

)
+ 1

, i = 1, 2, . . . , m

(9)

where m denotes the total number of sampled data.
To rectify this problem, for the self-admittance functions

Y11, Y22, and Y33, whose numerators and denominators are
of the same order (if the diagonal elements of jMp in (2)
are allowed to be non-zero), partial fractions are adopted as
the basis functions. For the trans-admittance functions Y12,
Y13, and Y23, a new set of basis functions called pole-located
monomials defined by

1
N∏

k=1
(s − ak)

,
s

N∏
k=1

(s − ak)

, . . .
sNz

N∏
k=1

(s − ak)

(10)

are adopted, where Nz is the stipulated order of the numerator.
Combining the weighting factors in (8) and replacing the
partial fraction basis functions for trans-admittance by the

new pole-located monomial basis functions in (10), (4) can
be reformulated as

⎡
⎢⎢⎢⎢⎢⎢⎣

A1 0 0 0 0 0 −Y11A2
0 W12A3 0 0 0 0 −W12Y12A2
0 0 W13A3 0 0 0 −W13Y13A2
0 0 0 A1 0 0 −Y22A2
0 0 0 0 A4 0 −Y23A2
0 0 0 0 0 A1 −Y33A2

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

c11
c12
c13
c22
c23
c33
c̃

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

y11
W12y12
W13y13

y22
y23
y33

⎤
⎥⎥⎥⎥⎥⎥⎦

(11)

where

W12 = diag{ 1√|Y12(si )| } ∈ R
m×m (12a)

W13 = diag{ 1√|Y13(si )| } ∈ R
m×m (12b)

the i th row of A3

=

⎡
⎢⎢⎢⎣ 1

N∏
k=1

(si − ak)

si

N∏
k=1

(si − ak)

· · · s7
i

N∏
k=1

(si − ak)

⎤
⎥⎥⎥⎦

A3 ∈ C
m×8 (12c)

the i th row of A4

=

⎡
⎢⎢⎢⎣ 1

N∏
k=1

(si − ak)

si

N∏
k=1

(si − ak)

· · · s4
i

N∏
k=1

(si − ak)

⎤
⎥⎥⎥⎦

A4 ∈ C
m×5. (12d)

Different from the variables in (4), with the pole-located
monomials as the basis functions for Y12, Y13, and Y23, the
variables c12 ∈ C8×1, c13 ∈ C8×1, and c23 ∈ C5×1 in (11) are
not the residues. In stead they are the coefficients of the basis
functions defined by (10).

With the new basis functions, the iterative pole relocation
procedure of the original VF formulation are retained to
guarantee the accuracy of the poles and residues obtained.
The initial poles are chosen as the same with those in previous
VF formulation and convergence is also achieved within a few
iterations.

For comparison purposes, the fitting of Y12 and Y23
using the MVF approach are shown in Fig. 5(a) and (b),
respectively. The improvement is obvious as compared with
Fig. 4(a) and (b) in that those small data in Y12 and Y13 are
better fitted in the presence of measurement noise and Y23 is
accurately recovered under the noise floor.

The MVF adopts mixed basis functions to fit the elements
in the Y -matrix together. In the new formulation, the orders
of the numerators are stipulated to be consistent with the
coupling topology of the diplexer. Thus it can reduce the
model’s sensitivity to the measurement noise in a practical
measurement environment.
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Fig. 5. (a) Measured and fitted Y12 with the MVF approach. (b) Measured
and fitted Y23 with the MVF approach.

IV. SYNTHESIS OF THE TRANSVERSAL COUPLING MATRIX

The poles ak and the residues rpq
k can be obtained once

the MVF procedure has converged and the rational functions
are transformed to the form of

Ypq = K pq +
N∑

k=1

rpq
k

s − ak
. (13)

Comparing (13) with (2), it can be seen that the relationship
between the poles and residues of the Y -parameter rational
functions and the elements in the transversal coupling matrix is

MP1,k
2 = r11

k

MP1,k MP2,k = r12
k

MP1,k MP3,k = r13
k

MP2,k
2 = r22

k

MP2,k MP3,k = r23
k

MP3,k
2 = r33

k

Mk,k = 1j∗ak, k = 1, 2, . . . N. (14)

From (14), it can be seen that in order to synthesize a
transversal coupling matrix, the residues should satisfy the
compactness condition

r12
kr12

k = r11
kr22

k

r13
kr13

k = r11
kr33

k

r23
kr23

k = r22
kr33

k, k = 1, 2, . . . , N. (15)

Since no constraint is applied to the residues in the MVF
procedure, (15) is not guaranteed to be satisfied. However,
when applying the MVF formulation to measured data of the
diplexer, it is observed that (15) is automatically satisfied with
only very small errors. Therefore, a transversal coupling matrix
can be synthesized with the following strategy:

for k = 1 to N

Mk,k = 1j∗ak

if |rk
11| > |rk

22| and |rk
11| > |rk

33|
MP1,k =

√
r11

k, MP2,k = r12
k/

√
r11

k , MP3,k = r13
k/

√
r11

k

elseif |r22
k | > |r11

k | and |r22
k | > |r33

k |
MP2,k =

√
r22

k, MP1,k = r12
k/

√
r22

k , MP3,k = r23
k/

√
r22

k

elseif |r33
k | > |r11

k | and |r33
k | > |r22

k |
MP3,k =

√
r33

k, MP1,k = r13
k/

√
r33

k , MP2,k = r23
k/

√
r33

k

end

Mk,P1 = MP1,k , Mk,P2 = MP2,k , Mk,P3 = MP3,k ,

end

MP1,P1 = K11/1j, MP2,P2 = K22/1j, MP3,P3 = K33/1j

where 1j stands for the imaginary unit j in a complex number,
and Mx,y denotes the element in the row of node x and column
of node y in the coupling matrix M.

For example, the poles and residues obtained for one of the
tuning states of the testing diplexer are listed in Table I. The
synthesized transversal coupling matrix using the proposed
strategy above is given in Table II. The responses of the
synthesized coupling matrix are superimposed to the raw
measured data for comparison in Fig. 6. It can be seen that the
responses of the extracted transversal coupling matrix agree
well with the measured data up to −80 dB.

V. TRANSFORMATION OF THREE-PORT

COUPLING MATRIX

The derivation of the transversal coupling matrix alone
cannot help with the tuning of the diplexer because one-to-one
correspondence between physical tuning elements and the
coupling matrix elements is established only after the matrix is
transformed to the right configuration. Many coupling matrix
rotation recipes are available for coupled-resonator filters [18],
and a general multi-port coupling matrix reconfiguration pro-
cedure is proposed in [19], where many coupling topologies
are discussed. However, for the star-junction diplexers with
resonant types of junctions discussed in this paper, a straight-
forward procedure exists and can be implemented in the
diplexer circuit model extraction program.

A. General Procedure for Diplexers

The three-port coupling matrix of the diplexer can be
reconfigured by matrix similarity transformation by following
the same rules for filter transformations, i.e.,

[M′] = [R][M][R]T (16)
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TABLE I

TABLE OF OBTAINED POLES AND RESIDUES BY MVF APPROACH FROM MEASURED DATA OF THE TESTING DIPLEXER

TABLE II

SYNTHESIZED THREE-PORT TRANSVERSAL COUPLING MATRIX CORRESPONDING USING THE MVF FORMULATION

where R is an orthogonal rotation matrix, which can be
specified by a pivot [i, j ] and a rotation angle θ . Since the
port nodes are arranged as the first three nodes in the matrix,
the pivot index cannot enter the first three rows and columns,
i.e., i, j �= 1, 2, 3. By the same token with filter cases,
the transformation (16) can change the coupling topology
of the network while reserving the reflection and transfer
characteristics of the network. Note that if the coupling matrix
represents a lossy network, both M and R in (16) are complex
matrices.

The transformation procedure to reconfigure the three-port
transversal coupling matrix to the desired coupling topology

for star-junction diplexers with resonant types of junctions can
be divided into the following three steps.
Step 1) Eliminate the non-existing I/O couplings. This pro-

cedure will create non-zero cross couplings between
every two resonators.

Step 2) Eliminate the non-existing cross couplings between
the two channel filters. After this step, the three-
port coupling matrix will be transformed into a block
form, in which the coupling matrices for the two
channel filters are separated into different blocks.

Step 3) Transform the block matrix for each channel filter to
the desired topology.
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Fig. 6. Comparison of the measured and fitted S11, S12, and S13 data with the
model extracted by MVF formulation. Dashed color lines are measured data.
Black solid lines are the response given by the extracted three-port transversal
coupling matrix with the MVF technique.

Fig. 7. (a) Transversal coupling matrix. (b) Matrix after I/O coupling are
annihilated. (c) Matrix after the couplings between the two channel filters are
annihilated to the best effort. (d) Final target topology.

The last step allows the utilization of those well-established
filter transformation strategies in [18] since the two channel
filters can be reconfigured individually. Thus the general
procedure can be applied to those diplexers that are composed
of high-degree channel filters and with many TZs connected
by a common resonator junction.

B. Specific Example

In this paper, a customized recipe is introduced to transform
the three-port transversal coupling matrix to the desired cou-
pling topology for the testing diplexer shown in Fig. 3(b) by
following the three steps in the general procedure.

TABLE III

ROTATION SEQUENCE TO RECONFIGURE THE COUPLING MATRIX

The matrix transformation procedure is depicted
in Fig. 7(a)–(d), where the hollow circles represent expected
non-zero entries at each stage. The first three rows/columns
of the coupling matrix correspond to P1–P3 in Fig. 3(b)
and the remaining 11 rows/columns correspond to
resonators No. 1–11. Resonators No. 1–5 constitute the
lower band channel filter and resonators No. 7–11 constitute
the upper band channel filter. Resonator No. 6 is the common
resonant node. The coupling matrices in Fig. 7 are partitioned
according to the role that each row/column plays for a
clear demonstration of the coupling matrix reconfiguration
procedure. Fig. 7(a) is the three-port transversal coupling
matrix. In the first step, non-existing I/O couplings are
annihilated. The resultant matrix configuration is shown
in Fig. 7(b). In the second stage, the cross-couplings between
the two channel filters are annihilated as many as possible.
This leaves the TZ of each channel filter with a trisection
connected to the common resonator. In the last stage, the
trisections are “pulled” to the right positions. The non-zero
entries in the coupling matrix in Fig. 7(d) have a one-to-one
relationship with the coupling topology of Fig. 3(b). The
details of the rotation sequence are provided in Table III,
where the 1 ∼ 27 steps correspond to stage I, 28 ∼ 55 steps
correspond to stage II and the last four steps are in stage III.
Once the first two stages are finished, the cross couplings
will be separated into the two channel filters. Having had
that, the reconfiguration of each channel filter can be done
individually with well-established filter transformation recipes
in [18].
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TABLE IV

FINAL COUPLING MATRIX

The distribution of the non-zero entries in Fig. 7(a)–(d) is
verified by ideal cases with the specific coupling topology.
However, when the rotation strategy is applied to the extracted
coupling matrix, some stray couplings may be left in addition
to the normal couplings. Starting from the obtained transversal
coupling matrix in Table II and following the proposed matrix
rotation sequence in Table III, one can obtain a coupling
matrix as given in Table IV. It is seen that some of the non-
zero entries shown in bold fonts do not correspond to any
coupling element in Fig. 3(b). They are left over as lumped
effects of all the spurious stray couplings in the diplexer.
Normally their absolute values are smaller compared with
those of normal couplings. It is also noticed that all the
matrix elements present small imaginary parts, which count
for the power dissipation of the resonant cavities as well as
the coupling elements like the lossy filter coupling matrix [20].

The measured data of the testing diplexer are used to
demonstrate the robustness and effectiveness of the proposed
method. Since there is one-to-one correspondance between
the entries in the coupling matrix and physical tuning ele-
ments, the extracted model provides a direct guidance on
the tuning process. Four different tuning states are plotted
in Fig. 8(a)–(d). In Fig. 8(a), the two channels overlap each
other in the spectrum because some of the resonators are
badly detuned. The passbands of the two channels become
recognizable in Fig. 8(b) although the ports are still poorly
matched. Fig. 8(c) corresponds to a state in the fine tun-
ing stage, where the responses of the device are extremely
sensitive to the depth of the tuning screws. Then very
careful and subtle adjustments should be made. Fig. 8(d)
shows the final well-tuned state where the common port
reflection coefficient is lower than −20 dB within both pass-
bands. The coupling coefficients corresponding to the four
states are obtained by the MVF method and the proposed

TABLE V

EXTRACTED COUPLING VALUE CORRESPONDING TO THE
FOUR STATES IN FIG. 8

coupling matrix reconfiguration strategy, and their real parts
are listed in Table V. The responses given by the extracted
coupling matrix are superimposed on the raw measured
data in Fig. 8. Very good agreement is achieved for all
tuning states.
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Fig. 8. Four different tuning states of the testing diplexer. Solid black lines are the response given by the extracted coupling matrix. Dashed lines are
measured data.

VI. CONCLUSION

In this paper, a practical circuit model extraction method for
coupled-resonator diplexers with resonant types of junctions
has been proposed for the first time. All the self-coupling
and mutual coupling values of the diplexer can be determined
together to reveal the current tuning state of the device.
It utilizes the MVF to accurately determine the rational
system functions from the noise-contaminated measurement
data. A transversal coupling matrix of the coupled-resonator
network can then be obtained. A three-port coupling matrix
orthogonal transformation strategy has been proposed to trans-
form the transversal coupling matrix to the desired matrix
configuration corresponding to the physical realization. The
MVF technique and the synthesis and reconfiguration of the
three-port coupling matrix together form a complete scheme to
extract the circuit model from the measured frequency-domain
response of coupled-resonator diplexers with resonant types of
junctions. A testing diplexer has been used and fine tuned with
the help of the proposed method for illustration. The proposed
method can be implemented in a robotic tuning system for
smart manufacturing.
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