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An Improved Network Modeling of
Slot-Coupled Microstrip Lines
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Abstract—This paper proposes an analytical method for slot-
coupled microstrip lines with a view to developing an improved
network model, which reflects the effects of inclination angles and
offset distances. The network model consists of two ideal trans-
formers and an extended slotline. The turn ratios are calculated
by applying the reciprocity theorem with the spectral-domain
immittance approach. The corresponding network models for
several different configurations of these slot-coupled microstrip
lines are then explored and shown to yield accurate scattering
parameters.

Index Terms—Circuit model, coupled microstrip lines, reci-
procity theorem, spectral-domain analysis, slot.

I. INTRODUCTION

A S MICROWAVE circuits have been progressing toward
monolithic microwave integrated circuits (MMIC’s),

coupling devices to interconnect high-density multilayer mi-
crostrip assemblies (e.g., a slot-coupled microstrip/microstrip
transition, an out-of-phase power divider, a directional coupler,
and the feed network of an active phased-array antenna) are
playing an increasingly important role. Slot-coupled microstrip
lines, created by cutting a narrow slot on the common ground
plane of two back-to-back microstrip lines, are a promising
candidate for this purpose.

The theory of coupling through small holes [1] and an
approximate method based on a quasi-TEM mode [2] have
both been used to analyze slot-coupled microstrip lines. Re-
cently, full-wave analyses based on the reciprocity theorem
with spectral-domain analysis [3]–[8], the mixed potential
integral equation [9], and the transmission-line matrix (TLM)
method [10] have also been successfully applied. However,
these rigorous approaches do not provide conceptual insight
into the coupling circuit, and require extensive numerical
computations. Some network models have been proposed and
applied to the analysis and design of slot-coupled microstrip
circuits with an orthogonal and centered slot [5], [11], [12].
However, these models do not accommodate the effects of var-
ious structure parameters pertaining to slot-coupled microstrip
lines.

This paper presents an analysis method of slot-coupled
microstrip lines with a view to developing an improved
equivalent-network model, which can tolerate the effects of
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Fig. 1. Top and side views of the slot-coupled microstrip lines.

various structure parameters, including inclination angles and
offset distances. The proposed equivalent network consists
of ideal transformers and slotline stubs. The turn ratios of
the transformers are calculated by invoking the reciprocity
theorem [13] with the spectral-domain immittance approach
[14]. The scattering parameters are determined from the equiv-
alent circuit by using the general-network theory [15]. The
resulting model is then applied to several versions of the slot-
coupled microstrip lines with different slot lengths, inclination
angles, and offset distances. Finally, the computed scattering
parameters of the proposed model are compared with the
measured as well as the computed results from previous
theories and the rigorous solution.

Section II defines the nature of slot-coupled microstrip lines
and describes the analysis method based on the reciprocity
theorem. In Section III and the Appendix, the expressions
for the equivalent-circuit parameters are formulated using the
finite Fourier transform and the spectral-domain immittance
approach. Six different versions of slot-coupled microstrip
lines are analyzed in Section IV, and their scattering parame-
ters are compared. Conclusions are given in Section V.

II. A NALYSIS METHOD

Fig. 1 is a scheme of the slot-coupled microstrip lines. The
top microstrip line is a feed line, and the bottom one is a
coupled line. The substrate of the feed line has a dielectric
constant of and a thickness of . The width of the feed
line is . The substrate of the coupled line has a dielectric
constant of and a thickness of . The width of the coupled
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line is . and denote the length and width of the
coupling slot. The slot is arbitrarily inclined to the feed and
coupled lines at the angles and , respectively. and
denote the offset displacements of the feed and coupled lines
with respect to the center of the slot.

An incident field is first launched from into
port 1. The incident field exists only on the feed line, while
the scattered field generated by the slot on the ground plane
affects both the feed and coupled lines. Since the total field
can be expressed as the sum of the incident and scattered
fields, the total electromagnetic field at theth port and

is stated as

for
for

(1)

for
for

(2)

where and are given as

(3)

for
for

for
for

(4)

The expressions of and can be obtained when is
replaced by in (3) and (4). The subscripts and in (3)
and (4) stand for the feed and coupled lines, respectively.
Hereafter, this convention for the subscript will be used.
and are the propagation constants of the corresponding
microstrip lines. The field eigenvectors of the feed line
and in (3) and (4) are normalized such that

(5)

where is the cross section of the feed line. Three other pairs
of field eigenvectors— and , and , and and

—are similarly normalized. in (1) and (2) represents
a quantity related to the scattered field due to the induced
voltage across the slot.

Invoking the reciprocity theorem [13], [16] to determine,
after some algebraic manipulations, produces

(6)

In (6), is the induced electric field across the slot, is
the entire slot opening on the ground plane,is an outward
normal vector, i.e., and , is the
magnetic test field on the slot opening and is related to
as , , , and In order
for to be accurate, the induced slot electric field should be
chosen appropriately and the magnetic-field eigenvectors on
the ground plane determined exactly.

The induced electric field for the maximum voltage
across the slot can be written as

(7)

Fig. 2. Equivalent network model of the slot-coupled microstrip lines.

where includes the effects of the slot-structure parameters
and can be expressed in the following form for narrow slots:

(8)

In (8), indicates the electric-field variation of the elec-
trically short slot along its axis. Even though the piecewise-
sinusoid (PWS) mode, when combined with the method of
moments, yields good results [3], [8], an asymmetric cosine
mode is chosen to represent in this paper. A detailed
expression for is given in Section III.

III. EQUIVALENT-CIRCUIT FORMULATION

Slot-coupled microstrip lines can be viewed as microstrip-
line discontinuities due to the slot on the ground plane. Thus,
they can be represented by a simplified four-port network,
shown in Fig. 2, which modifies the Das theory [5]. This
equivalent circuit consists of two transmission lines for the
microstrip feed and coupled lines, two ideal transformers, and
three sections of slotline. Each of the outside ends of the two
outer slotline sections is terminated by an extended slotline
short. and denote the turn ratios of the ideal transform-
ers. and indicate the characteristic impedances of the
microstrip lines. and are the characteristic impedance
and propagation constant of the slotline. is the extended
slotline length due to the nonzero inductance at the end.

The voltage discontinuities and on the feed and
coupled lines due to the presence of the slot are represented as

(9)

(10)

where and are the line voltages on the feed and
coupled lines corresponding to the field eigenvectors. Due to
the normalization in (5), the numerical figures of and
are identical to those of and , respectively. Since

and are defined as and , respectively,
they are expressed as

(11)

(12)
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Fig. 3. Chosen electric-field distributions along the slot axis.

Substituting (6) into (11) and performing some vector
operations produces the turn ratio stated as

(13)

where and are

(14)

(15)

In (14) and (15), and are the - and -components of

. and take forms similar to (14) and (15) with the
sign of changed.

Using the finite Fourier transform relation of the magnetic-
field components in (24) separates the integrals into- and

-components. Then (14) and (15) can be expressed as

(16)

(17)

where and are

(18)

(19)

and

(20)

The function should contain the offset effect, which is
at its maximum at the intersection of the slot and the microstrip
line. For a structure with two intersections of different offset
distances like the present one, it is difficult to describe the
unique function of analytically. Therefore, for the sake
of simulation, is chosen as for the evaluation

of and as for , and are depicted in Fig. 3. The
expression of is given as

for
for

(21)
where

(22)

The expression of is similar. Equation (19) can then be
evaluated analytically, and is stated as

(23)

Exactly the same procedure can be used to evaluate,
, and .

IV. RESULTS AND DISCUSSIONS

To show the validity of the present theory, it is used to
determine the turn ratios and . The slotline parameters

, , and can be calculated by using various analytical
methods [17]. These values make it possible to compute the
scattering parameters for the equivalent network. The results
can then be compared with the measurements and computation
data from previous theories and the rigorous solution.

First, the slot-coupled microstrip lines are treated with
mm and . The structure

parameters are mm, mm,
, mm, and mm. The

computed slotline parameters and turn ratios are shown in
Fig. 4(a) and (b), where is the propagation constant for free
space. Since the feed and coupled lines are the same,is
equal to . The result for the turn ratios slightly increases with
the frequency. For comparison, the turn ratios evaluated from
the Das theory [5], which are larger than the present results and
decrease as the frequency increases, are also included. Since
the Das theory is based on the assumption that the matched
slotline is infinite, the interaction between the electric field
on that slotline and the magnetic field of the microstrip lines
is larger than for the present finite slot. Using the present
theory and the symmetry of the coupling structure reveals
that the relation holds. The computed
results for the scattering parameters and are shown
in Fig. 4(c) along with those measured and computed by
Herscovici et al. [3] and computed by Das [5]. Herscovici
et al. computed the scattering parameters by applying the
method of moments based on the reciprocity theorem. Das
obtained similar results from the equivalent circuit by using the
turn ratio in Fig. 4(b) and fixing to 3 mm, independent
of the frequency. However, , by nature, should change
as the frequency varies. When the scattering parameters are
calculated using the Das theory with obtained from
the rigorous solution [17], as shown in Fig. 4(b), the results
reveal some discrepancies with Herscoviciet al., as shown in
Fig. 4(c). Therefore, Das’ method to calculate the turn ratio
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(a) (b)

(c)

Fig. 4. Network and scattering parameters of the slot-coupled microstrip lines (Wf = Wc = 2:54 mm, hf = hc = 0:762 mm, �rf = �rc = 2:22,
Ls = 15 mm, Ws = 1:1 mm, df = dc = 0 mm, �sf = �sc = 0�). (a) Propagation characteristics of the slotline. (b) Turn ratios and extended
slotline length. (c) Scattering parameters.

needs to be modified when applied to a finite-length slot. In
contrast, the present theory yields scattering parameters which
highly agree with the conclusions of Herscoviciet al. over the
frequency range from 2 to 4 GHz, except for small ripples
in the measured data. The ripples may have resulted from a
fabrication error in the structure, such as an air gap between the
two substrates or a minor discontinuity between connectors in
the measurement process.

Secondly, the characteristics of slot-coupled microstrip lines
are examined as the slot length varies. The structure parameters
are mm, mm, mm,

mm, and
Fig. 5(a) shows the turn ratios calculated by the present and
Das theories as the slot length varies from 2 to 12 mm at
3 GHz. The present method produces increasing turn ratios as
the slot length increases because of more interaction between
the slot electric field and the magnetic field of the microstrip
lines, whereas the turn ratio in Das is constant. The slotline
parameters at 3 GHz are , , and

mm. The computed results of are shown in
Fig. 5(b), with the measured and computed data from Kumar
[1], as well as the computed conclusion from Das. It is clear
that the Das result does not agree with the measured one, and
the discrepancy increases as the slot length decreases. It is also

evident that the result computed by Kumar, which is based on
the small-aperture coupling theory, gradually deviates more
and more from the measured data as the slot length increases.
However, the results of the present theory are consistent along
the entire range of the slot length considered.

Next, the present theory is applied to slot-coupled microstrip
lines with and , as investigated by Ono
et al. [7]. The structure parameters are the same as in the
circuit considered for Fig. 4, except the slot inclination angles.
Therefore, the slotline parameters in Fig. 4(a) and (b) can
also be used. Fig. 6(a) shows the calculated turn ratios as the
inclination angles vary at 2 GHz. The turn ratios decrease as
the inclination angles increase. Fig. 6(b) depicts the results
of for two different slot inclination angles and compares
them with the measured and computed results reported by Ono
et al. over the frequency range from 1 to 3 GHz. Again, the
result shows a good agreement.

For the fourth example, the proposed network model is
applied to slot-coupled microstrip lines with , ,
and . The structure parameters considered are

mm, mm, ,
mm, and mm [4]. Fig. 7(a) shows the turn

ratios as a function of the offset distances calculated from two
different distributions for the electric field along the slot. One
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(a)

(b)

Fig. 5. Computed results of the slot-coupled microstrip lines for different
slot lengths (Wf = Wc = 4:3 mm, hf = hc = 1:588 mm, Ws = 1 mm,
�rf = �rc = 2:54, df = dc = 0 mm, �sf = �sc = 0�; f = 3 GHz). (a)
Turn ratios. (b) Scattering parameterS31.

is an asymmetric cosine mode, and the other is an asymmetric
PWS mode. Both modes yield decreasing turn ratios as the
offset distances increase, and the turn ratios for the cosine
mode are larger than those for the PWS mode. Fig. 7(b) shows
the results for at 2 GHz as a function of when is fixed
at 1 mm. The slotline parameters in the present theory are

, , and mm. Note
that the asymmetric cosine-mode distribution agrees much
closer with the rigorous solution of Wakabayashiet al. [4]
than the asymmetric PWS mode distribution.

The fifth example treats a general case where mm,
mm, , and . The structure

parameters of the circuit are the same as those in Fig. 4, except
the offset distances and inclination angles. The turn ratios
calculated by the present theory are shown in Fig. 8(a). The
computed scattering parameters highly agree with the results
computed by the method of moments,1 as shown in Fig. 8(b).

Finally, the present theory is applied to a practical de-
sign problem posed by the slot-coupled, back-to-back mi-
crostrip/microstrip transition in Fig. 9. We fabricated the tran-
sition, and it consists of slot-coupled microstrip lines and
proper matching networks. The geometry of the slot-coupled
microstrip lines is the same as in Fig. 4. The circuit op-

1HP Momentum, Hewlett-Packard Company, Santa Rosa, CA.

(a)

(b)

Fig. 6. Computed results of the slot-coupled microstrip lines for different
inclination angles (Wf = Wc = 2:54 mm, hf = hc = 0:762 mm,
Ls = 15 mm, Ws = 1:1 mm, �rf = �rc = 2:22, df = dc = 0 mm).
(a) Turn ratios atf = 2 GHz. (b) Scattering parameterS41.

timization for the microstrip matching networks2 gives the
following structure parameters: mm,

mm, mm, and
mm. The measured scattering parameters

are plotted in Fig. 10, along with the results computed by the
present theory over the frequency range from 1 to 3 GHz. It
is clear that the two results agree.

V. CONCLUSIONS

This paper proposed a general theory to analyze slot-coupled
microstrip lines with a view to developing an improved
equivalent-network model, which can tolerate the effects of
various structure parameters, including inclination angles and
offset distances. The equivalent four-port network consists of
two microstrip lines, two ideal transformers, and an extended
slotline terminated with short circuits. The turn ratios of
the transformers are explicitly formulated in terms of the
induced electric field on the slot and magnetic fields of the
microstrip lines by invoking the reciprocity theorem. For
computational convenience and efficiency, a finite Fourier
transform in conjunction with the spectral-domain immittance
approach is used to evaluate the magnetic fields on the

2HP 85150B RF and Microwave Design Systems, Hewlett-Packard Com-
pany, Santa Rosa, CA.
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(a)

(b)

Fig. 7. Computed results of the slot-coupled microstrip lines for different
offset distances (Wf = Wc = 2:4 mm, hf = hc = 0:762 mm,
Ls = 14 mm, Ws = 0:8 mm, �rf = �rc = 2:22; �sf = �sc = 0�;

f = 2 GHz). (a) Turn ratios. (b) Scattering parameterS31 for df = �1 mm.

ground plane of the microstrip lines. The scattering parameters
are determined from the equivalent-network model using the
general-network theory. The present theory was then applied
to five different configurations of slot-coupled microstrip lines,
which had been treated previously in the literature. A two-port
practical fabrication of the transition was also completed. The
measured scattering parameters and those computed by the
present theory for the configuration showed a high agreement,
which verified the theory’s validity. Due to its simplicity and
efficiency, the proposed network model is useful for analyzing
and designing slot-coupled microstrip circuits. The present
theory can also be extended to the analysis of slot-coupled
multilayer microstrip circuits.

APPENDIX

The - and -components of the magnetic-field eigenvector
for the feed line, and in (14) and (15), can be eval-
uated from the forward-traveling current, whose magnitude
is . The microstrip line in Fig. 11 is assumed to be
surrounded by fictitious boundary walls at a large distance

such that the electrically conducting walls do not
disturb the electromagnetic-field distribution around the line.
This situation enables use of the following finite Fourier
transform along the -direction instead of the infinite Fourier

(a)

(b)

Fig. 8. Computed results of the slot-coupled microstrip lines for differ-
ent offset distances and inclination angles (Wf = Wc = 2:54 mm,
hf = hc = 0:762 mm, Ls = 15 mm, Ws = 1:1 mm, �rf = �rc = 2:22,
df = �1 mm, dc = 2 mm, �sf = 30�; �sc = 60�). (a) Turn ratios. (b)
Scattering parameters.

Fig. 9. A symmetrical, slot-coupled back-to-back microstrip/microstrip tran-
sition. For clarify, the widths of the coupled line are drawn larger than the
feed line.

integral of :

(24)

(25)
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Fig. 10. Scattering parametersS11 and S21 of the microstrip/microstrip
transition in Fig. 9 (Wf = Wc = 2:54 mm, hf = hc = 0:762 mm,
Ls = 15 mm, Ws = 1:1 mm, �rf = �rc = 2:22, df = dc = 0 mm,
�sf = �sc = 0�; Lef = Lec = 26:4 mm, Lqf = Lqc = 25:62 mm,
Wqf = Wqc = 1:5 mm, Lmf = Lmc = 17:95 mm).

Fig. 11. Microstrip line with the fictitious walls of the perfect electric
conductor aty = �L.

with

(26)

It is possible to define and its finite Fourier transform the
same way.

Since the surface current density on the narrow strip is
assumed to have only the-component

(27)

its Fourier transform becomes the first-kind Bessel function
of zeroth order

(28)

Using the spectral-domain immittance approach [14], the
Fourier transforms of the magnetic-field components on the
plane just below the interface of the substrate and air, which
corresponds to , can be derived as

(29)

(30)

where

(31)

(32)

The parameter in (31) and (32) is the input wave
admittance for the -mode looking downward from the
plane [14]. The superscript denotes the input wave
admittances looking upward from the same plane. The other
admittance parameters are defined in a similar fashion. The
Fourier transforms of the magnetic-field components on the
ground plane can now be expressed as

(33)

(34)

with

(35)

Therefore, substituting (33) and (34) into (24) produces the
required magnetic-field components on the ground plane.
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