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Abstract—An effective method is presented in this paper to de-
sign nonuniformly coupled transmission-line filters. This kind of
filter can be used to realize almost an arbitrary filter character-
istics as nonuniform transmission-line filters do. They can be cas-
caded directly, and no directional coupler is needed. This method
begins with calculating characteristic impedance of a nonuniform
transmission line by those techniques already established for de-
signing nonuniform transmission-line filters, then determining the
even- and odd-mode impedances of a nonuniformly coupled trans-
mission line by a simple transformation. A first-order solution to
the related nonlinear equations is especially proposed to calculate
effective dielectric constants and line dimensions from the obtained
characteristic impedances simultaneously. A device was built and
tested, and the measured results verify that the proposed method
is of practical use.

Index Terms—Coupled transmission lines, distributed param-
eter filters, inverse problems.

I. INTRODUCTION

NONUNIFORM transmission lines (NTLs) have been
widely used in filter designs, pulse formation, impedance

transducers, and other applications [1]–[8]. As the incident
and reflected waves coexist in the same NTL, an additional
directional coupler is needed in many cases to separate the two
waves, such as in NTL filters. On the other hand, when satisfies
some conditions, a nonuniformly coupled transmission line
(NCTL) can separate the reflected wave from the incident wave
automatically, it seems a good alternative of an NTL in filter
designs. However, conventionally, NCTLs have been often
used under the following limitations:

1) while the coupling gap between the two lines is nonuni-
form, each transmission line itself is uniform;

2) coupling is loose;
3) propagating fields are regarded as TEM type, and the

even- and odd-mode waves travel in a same speed, thus,
the effective dielectric constants corresponding to each
mode are chosen to be equal (e.g., , where

and are the effective dielectric constant for the
even and the odd modes, respectively).

This paper presents an effective method to avoid these lim-
itations. It also enable us to utilize an NCTL almost as freely
as to use an NTL. The proposed design method has the fol-
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lowing two properties: 1) both the coupling gap and the width
of the transmission lines are nonuniform and 2) the even- and
odd-mode waves are no longer regarded as traveling in same
speed. A first-order solution is available to solve the construc-
tion problem involving , , which are not equal and also
not constant along the lines. An elementary analysis of NCTLs
is also reviewed in this paper, which shows that, in filter de-
signs, an NTL can be replaced by an NCTL for some types of
coupling transmission-line configurations. However, in the case
of coupled-microstrip lines, the condition of
is a practical limitation for even- and odd-mode characteristic
impedances. This means that, for an arbitrary microstrip NTL,
we cannot always find a coupled-microstrip line to replace it
without distortions. Thus, a proper design procedure is devel-
oped, which confines the effect of the replacement to a very low-
frequency range, while the frequency characteristics (mainly
amplitude and group delay) of the passband that we are con-
cerned about remain almost unaffected.

II. DESIGN THEORY

Suppose that and are the characteristic imped-
ances of two transmission lines, , respectively; their effective
dielectric constants are denoted by and , where repre-
sents the electrical position that is defined by [9]

(1)

denotes the physical position for a transmission line. Usually,
it can be further written as

for line (2)

for line (3)

where is the light velocity in free space.
Our design method is based on the following important prin-

ciple. If for , and line and are
loaded with at and , we then have

(4)

while the incident and reflected waves related to the above-pa-
rameter are defined by

(5)
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Fig. 1. NCTL.

(6)

here, and . We have provided one proof of this
result in the Appendix.

Next, let us consider a symmetrical NCTL depicted in
Fig. 1. The even- and odd-mode characteristic impedances of
the NCTL are denoted by , and the effective
dielectric constant are denoted by and , respectively. The
overall -parameters of the NCTL can be written in terms of
the even- and odd-mode-parameters and as

(7)

(8)

In all these cases, the incident and reflected waves are defined
with similar impedance .

Furthermore, from (4), if we choose , then
(7) and (8) turn into

(9)

(10)

This means that the reflected wave is output from port 2. There
is no reflected wave in port 1, or the input impedance at port 1
is . Thus, they can be cascaded directly. It is worthwhile to
point out that, for an arbitrary NCTL, (9) and (10) are true only
under the condition of , where is defined
by (1). For TEM approximation, (2) and (3) become linear and
identical and then (9) and (10) come to the results proposed by
[10] and reviewed by [11].

As is analyzed above, in order to design an NCTL filter,
we must first calculate the relating characteristic impedance

of an NTL from a given frequency characteristics of a
filter, either by applying Huang’s method or by solving the Za-
kharov–Shabat (ZS)-type inverse scattering problem [12]–[14],
then let and calculate from

. However, what we have obtained are the imped-
ances in terms of the electrical positionthroughout the interval

. It is still necessary to calculate from them the linewidth
and gap dimension , while and satisfy nonlinear

equations (2) and (3) simultaneously. We provide a first-order
solution for this problem. Denote

, and , where

(11)

(12)

Fig. 2. Constructed potential functionq .

Usually, because and are always not
equal. Obviously, this is unsuitable for fabrication. However,
we can simply add a uniform line section with impedance
to the end of the shorter one. No influence on and

will be introduced because each line is required to be
matched with at its ends. In the case of coupled-microstrip
lines, , thus, . We choose the length of the
NCTL as , and assume that for .

Let , and ,
where will be automatically determined in the following al-
gorithm. Replace by in (2) and (3) and rewrite them in
their discretized form

(13)

(14)

We will determine and , together with and
at from and with the following algo-

rithm.

Step 1) Initially, let , and .
Step 2) Find and .

From them, determine , , , and
by those formulas in [15] and [16].

Step 3) Compute and from (13) and (14).
Step 4) Let , and repeat steps 2 and 3 until

and .

III. EXAMPLE FOR MICROSTRIPNCTL FILTER

The designed filter is expected to have a linear phase, and
a passband of , is normalizing angular
frequency. We also assumed1.5-dB loss throughout the pass-
band beforehand just because we cannot build a gap narrower
than 0.2 mm accurately enough with a circuit-board plotter.

Fig. 2 shows the constructed potential function for the
NTL that is used to realize this filter. It was obtained by solving
a ZS-type inverse-scattering problem [12]. Actually, we also
adopted Huang’s method to calculate from the local reflec-
tion coefficient, and no significant discrepancies occur. Fig. 3
shows the required and for an NCTL fabrication.
However, the impedances shown in Fig. 3 cannot be realized by
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Fig. 3. Even- and odd-mode characteristic impedance for an NCTL.

Fig. 4. Effect onZ (x) andZ (x) by perturbingq .

Fig. 5. Effect onS (j!) by perturbingq(x).

a microstrip NCTL because the condition of
is not satisfied. In this paper, we propose a way to generate
proper and for a microstrip NCTL through per-
turbing by adding a small to it in . Fig. 4 shows
that and gradually depart from each other with in-
creasing , and the above condition can be reached whenis
sufficiently large. Fig. 5 shows the simulated results of .
It is obvious that the perturbation affects only the characteristics
in a lower frequency range, as is expected. It is also true with re-
gard to group delay. We have chosen and for our
test device, as illustrated in Fig. 6, where . In order to

Fig. 6. SelectedZ (x) andZ (x) for the test device.

Fig. 7. Device dimensions: transmission-line widthW (y) and gap width
S(y).

Fig. 8. Pattern for the test device: built on RT/Duroid 6010.5, milled through
LPKF ProtoMat 91s/VS.

avoid excessively rapid changes of the gap width near the ends
of the NCTL, we selected , slightly
greater than . Fig. 7 shows the resultant and

, while Fig. 8 shows the pattern of the device. The normal-
izing frequency is 8 GHz, and the effective dielectric constants
are calculated at the central frequency of the passband. The de-
vice was built on RT/Duroid 6010.5 printed circuit board with
a copper conductor ( and thickness mm)
utilizing a circuit-board plotter (LPKF ProtoMat 91s/VS), as we
only intend to demonstrate the principle. Short bent line sections
are added at the four ends of the NCTL only for the convenience
of measurement. Fig. 9(a) and (b) shows the measured results of

. The milling errors affect not only the coupling degree
of the gap, but also the effective dielectric constants. The former
causes the main error in the amplitude response of the passband,
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(a)

(b)

Fig. 9. (a) Measured results for the test device: 2.5–8 GHz, measured through
an HP8720C network analyzer. (b) Measured results for the test device:
0.5–12 GHz.

while the latter introduces a shift of the passband. The poor stop-
band characteristics is mainly due to the mismatch at the ends
of the NCTL and the effects of the additional line sections.

IV. CONCLUSIONS

With the method presented in this paper, an NCTL can be
used almost as widely as an NTL in filter designs. NCTL filters
enjoy the advantages that they can be cascaded directly, and no
directional coupler is needed. On the other hand, the dispersion
effect is not considered in this paper’s method, and the shape
distortions in the coupling structure are not accounted for while
adopting Kirschning and Jansen’s formulas.

APPENDIX

Let and be the voltage and current of an NTL with
impedance , then the reflection coefficient obeys the
following Riccati equation [18]:

(15)

where

(16)

(17)

When is replaced by electrical position, (15) becomes

(18)

. Clearly, for lines and with impedance and
satisfying , we have

(19)

If , then must also hold.
When the NTL is loaded by

(20)

(21)

and

(22)

(23)

also, from the definition of the -parameter

(24)

(25)

Thus, we have

(26)
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