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This paper presents an algorithm to determine the maximum number of finite transmission
zeros which can be achieved by a network of n coupled resonators with a fixed topology
matrix when the source or the load is coupled to more than one resonator. These zeros can
be real, imaginary or complex.

1 Introduction

Modern communication systems often require filtering structures which can only be achieved
by those systems exhibiting transmission zeros at finite frequencies. The resulting sharp cutoff
between the different communication channels is essential in avoiding cross-talk. Furthermore,
the proximity of these channels is best handled by filters with asymmetrically prescribed
transmission zeros [1].

A network of n resonators with additional couplings between non-adjacent resonators is often
used to implement these filtering functions. It is well known that a maximum of n-2
transmission zeros can be achieved when the first resonator, which is connected to the source,
is also cross-coupled to resonator n which is connected to the load [2]. An algorithm to
determine the maximum number of finite transmission zeros of coupled resonator filters with
an arbitrary topology under this excitation scheme was recently presented by Amari [3].

For more stringent specifications, it becomes necessary to generate more transmission zeros by
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coupling either or both of the source and the load to more than one resonator. A third order
re

,ﬁlter with the source coupled to two resonators was presented in {4]. This additional coupling
allows the ge neration of 2 finite transmission zeros instead of one. A two-resonator filter with
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two transmlssmn zeros was given in [5]. The presence of coupling between the load and the
source is responsible for the generation of the two finite transmission zeros. Other filters where
the number of transmission zeros exceeds n — 2 were also reported [6-8].

In light of the increasing importance and interest in configurations where the
source/load-multiresonator coupling is present, it is important to establish rigorous algorithms
to determine the anticipated performance of a given topology. Therefore, this paper focuses on
the extension and generalization of the results presented in [3]. Moreover, it clarifies related
results by Zaki [5] and Bell [9] in regards to the maximum number of finite transmission zeros

achievable with that topology.
2 Theory

The two-resonator model introduced in [5] is extended to the case of n resonators. A set of n
resonators are coupled to one another by the frequency independent coefficients M;;. Both the
source and the load are coupled to more than one resonator and possibly to each other. Since
the model can be straightforwardly deduced from the discussion in [5] it is not reproduced
here. The resistive terminations are set to unity.

A simple analysis of the network shows that the loop currents are given by a matrix equation

—J[R) + W' W]+ [M)I} = (A1) = —jle], j°=-1 (1)
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Here. [R] is a (n + 2) x (n + 2) matrix whose only non-zero entries are Ry = R(n19) (nt2) =



[W] is similar to the (n + 2) x (n + 2) identity matrix except that W11 = W,19) (n12) = 0 [9],
and [M] is the (n + 2) x (n + 2) symmetric coupling matrix. The excitation vector is
[e]® =[1,0,0,...,0]. The low-pass prototype frequency is denoted by w' and is related to the
actual frequency by the standard lowpass-to-bandpass transformation, i.e., w' = w — 1/w.
The transmission coefficient is given by (assuming that load and source resistors are set to
unity)

t=—2j[A" N, m=n+2. (2)
The transmission zeros are therefore the zeros of [A~™!],,; where the notation m =n + 2 is
introduced for convenience.
We define the m x m topology matrix [P] of the network by

P; =1 if Mj; #0
P; = 0 if M;=0

The technique presented in [3] can not be used to compute the inverse of the matrix [A] in
equation (1) due to the form of the matrix [W]. Fortunately. it is possible to manipulate this
matrix and put it in a suitable form without affecting the transmission zeros.

The gist of the approach is to note that the term [A'l]m can also be written as the ratio of
two determinants using Kramer’s rule, i.e.,

[A—l]ml _ cofactorA

Det(A)

This equation shows that the transmission zeros are the zeros of the cofactor of [A]iy,. From
the definition of this cofactor one can easily show that it does not depend on the entries [A];;
and [A]mm. For our purpose, this simply means that the number and locations of the
transmission zeros are not affected if the first and last diagonal entries in the matrix [A] are
changed. A familiar consequence of this property is the independence of the transmission zeros
of the resistive terminations [10, p.21]; indeed these appear only in [A];; and [A]ynm-

Using this property, we can set [A}1; = [A]mm = «'. Under these conditions, the matrix (W] in
equation (1) becomes equal to the m X m identity matrix; the Soriau-Frame algorithm used in
[3] can now be used to show that:

Theorem: the maximum number of finite transmission zeros generated by a topology matrix
[P] is given by n, = n + 1 — k where k is the smallest integer for which [P*],,; is non-zero.
Here, [P*] is the kth power of the topology matrix [P)].

The proof of this result follows the discussion in [3] and is not presented here.

(3)

3 Examples

We first consider the case when the source is coupled to the load such that [Py, # 0. In this
case the theorem shows that the maximum number of transmission zeros isn, =n+1-1=mn,
i.e.. equal to the number of resonators. The two-resonator filter with two transmission zeros
presented in [5] is an example of this case.

A 3-resonator filter with 2 transmission zeros was designed and measured by Liang and Blair
[4]. A similar filter was also designed by Rosenberg and Hégele [8]. The topology of theses two
designs is given by the matrix (assuming synchronously tuned resonators)

01010
1 0100
P=]10101020 (4)
10101
00010

Since [Pl = [P]s1 = 0 we examine [P?]5;. A simple multiplication shows that this term is
[P?]51 = 1. It therefore follows that the number of zeros of this network isn, =3 +1-2=2.
This result is experimentally confirmed in [4], Fig. 14. and [8]. Fig. 4.



Rosenberg and Hagele also presented filters of orders 5 and 6 with 4 finite transmission zeros
each [8]. The topology matrix corresponding to the 5th order filter is given by

(001 0001 0]
1010100
0101000
P={0010100 (5)
0101010
10006 10 1
(00000 1 0

Direct application of the theorem to this topology matrix gives [P]7; = 0 and [P2]71 =1.
Therefore, the maximum number of transmission zeros achievable by this arrangement of
resonators is 5 + 1 — 2 = 4, a result confirmed in [8], Fig. 3. The application of the algorithm
to the 6th order filter shown in (8] as Fig. 5 also predicts the observed number of finite
transmission zeros. The validity of the theorem was also confirmed by testing filters of higher
orders which were subsequently synthesized to confirm the anticipated number of transmission
Z€eros.

4 Conclusions

A theorem which determines the maximum number of transmission zeros which can be
generated by n coupled resonators with a given topology matrix and where the source or load
is coupled to more than one resonator was presented.
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