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Abstract—In this paper, a variety of finite-ground coplanar
waveguide (FGCPW) reactive series-connected capacitive and
inductive elements are extensively studied and characterized as
equivalent-circuit models that include complex parasitic effects
caused by finite-ground widths. These models are developed by
implementing a numerical calibration procedure called short-open
calibration, which is used to extract characteristic parameters of
the circuit model from full-wave method-of-moments calculations.
The proposed model is generally described as an equivalent series
admittance ( ) or impedance ( ) together with a pair of shunt
admittances ( ) for FGCPW series-connected structures. With
the new scheme, the FGCPW elements of interest behave like loss-
less lumped elements at low-frequency range, consisting of a series
capacitance or inductance, as well as two shunt capacitances. As
frequency increases, however, and exhibit a frequency-re-
lated dispersion and also a lossy resonance behavior, which stand
for some added inductive or capacitive coupling effect caused by
the extent of finite-ground width. On the other hand, unbounded
radiation effect, considered in this model, appears too strong
to be ignored around resonance. Theoretical and experimental
results that are compared very well with each other are shown
for interesting electrical behaviors of finite-ground structures. An
innovative uniplanar three-stage bandstop filter is designed and
measured on the basis of its simplified equivalent-circuit model.

Index Terms—CAD, circuit model, finite-ground coplanar wave-
guide, method of moments, series reactance, short-open calibra-
tion, uniplanar filter.

I. INTRODUCTION

COPLANAR waveguides (CPWs) have found a wide range
of applications in the design of uniplanar monolithic mi-

crowave integrated circuits (MMICs) including multilayered ge-
ometry because of its attractive features such as low-frequency
dispersion, easy insertion of shunt and series active devices,
and less substrate dependence [1]. However, the prototype CPW
structure still has some contestable problems in the design of
high-density MMICs, namely, potentially an excessive number
of via holes or multilayered arrangement of substrate to elimi-
nate potential parasitic effects of surface waves or parallel-plate
modes, leaky-wave loss, as well as unwanted coupled slot line
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modes. They may be related to electrically large or infinitely
extended ground planes. On the other hand, the CPW structure
always has finite-width ground planes in practice, which are, in
most cases, electrically sensitive. Therefore, ignoring the effects
of the ground plane in the design may lead to erroneous results
at high frequencies. Interestingly, such parasitic effects may, in
most cases, turn out to be very useful if they can be well un-
derstood and precisely characterized. In addition, an adequate
choice of finite ground planes (or strips) provides us with an ad-
ditional degree of design freedom, not only in overcoming these
problems, but also in leading to size-miniaturized and low-loss
CPW circuits [2]–[6].

Accordingly, the finite-ground coplanar waveguide
(FGCPW) has been gaining much attention in the design
of a variety of high-quality uniplanar active/passive circuits
and antennas, in conjunction with other uniplanar transmission
lines such as the coplanar stripline (CPS). In the past years,
a large amount of research has been oriented toward accurate
characterization of open or shielded CPW discontinuities by
using a full-wave method of moments (MoM), e.g., [7], [8].
Very limited works to date have been carried out for accurate
modeling of FGCPW discontinuities or circuit blocks. In [5], a
finite-difference time-domain (FDTD) algorithm was applied
for designing some FGCPW circuit elements on the basis of a
trial-and-error procedure. In [6], an experimental investigation
was made for parametric extraction of equivalent-circuit models
for FGCPW open- and short-circuit terminated series stubs.
Nevertheless, it requires much effort to develop a reliable and
versatile technique for characterization of a variety of FGCPW
circuit elements. This issue is of paramount importance in
accurate design and effective realization of FGCPW integrated
circuits and antennas. Such design models should be able to
account for frequency dispersion, physical radiation/leakage
effects, and parasitic capacitive and/or inductive factors, to
benefit or alleviate parasitic effects in the design of uniplanar
circuits or antennas with designated electrical performance.

In this paper, our effort is focused on a full-wave charac-
terization of two classes of FGCPW reactive series-connected
elements. A special parametric-extraction technique is devel-
oped from field results for equivalent-circuit modeling, as well
as physical understanding of electrical behavior. This is real-
ized by applying our newly proposed numerical deembedding
technique called short-open calibration (SOC) [9]–[11], [12],
[13] to calibrate (deembed) the calculated parameters based on
our deterministic full-wave MoM [14]. The equivalent-circuit
model proposed in this paper consists of one series impedance
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(a)

(b) (c)

Fig. 1. Layout view of FGCPW reactive series-connected elements. (a) Cross
section of FGCPW line. (b) Capacitive series element. (c) Inductive series
element.

or admittance, as well as a pair of two shunt reactances. The
obtained electrical parameters exhibit lossless lumped-element
behaviors at low frequency and upgrades to lossy distributed-el-
ement behaviors as frequency increases. Calculated character-
istic curves are provided to reveal interesting electrical perfor-
mance. In addition, experiments are made to verify our proposed
circuit model. A uniplanar three-stage bandstop filter is also de-
signed on the basis of its extracted and simplified equivalent
circuit scheme and it is measured to compare its predicted fre-
quency response.

II. FORMULATION OF UNIFIED CIRCUIT MODEL

Fig. 1(a) depicts the cross section of an FGCPW line without
backside grounding, where its two finitely extended ground
planes ( ) are located adjacently to its central strip conductor
( ). Fig. 1(b) and (c) shows a schematic layout of two
classes of the FGCPW reactive series-connected elements to
be studied. As opposed to their conventional CPW structures
[1], the FGCPW elements have an additional degree of design
freedom for the realization of a predesignated series reactance
in uniplanar circuits. With the finite extent of the two ground
planes, those FGCPW elements can be designed by splitting
longitudinally the ground planes of the uniform FGCPW line to
make up a gap structure or cutting (notching) them transversely
to form a narrow line section, as described in the top figures
of Fig. 1(b) and (c). Of course, the series reactance elements
can also be realized by applying this scheme to the signal
strip with finite width, as indicated in the central figures of

(a)

(b)

Fig. 2. Physical description for the parametric extraction of FGCPW
discontinuity by applying our SOC scheme in a full-wave MoM. (a) Generalized
FGCPW discontinuity. (b) Calibration standards: short and open elements.

Fig. 1(b) and (c). Otherwise, Fig. 1(b) and (c) presents two
alternative FGCPW structures that potentially have large series
capacitance or inductance, realized by constituting the open-
or short-circuit terminated series stub sections, as in [6]. In the
following, we will make a detailed description on the devel-
opment of an equivalent model-oriented parametric-extraction
technique from our full-wave MoM-based field calculations.
This procedure calls for our SOC technique, which allows
for efficient network-oriented optimization of FGCPW-based
uniplanar circuits, and also for gaining physical insight into
high-frequency electrical properties of physical layout of the
circuits.

A. Full-Wave MoM Algorithm

A full-wave MoM algorithm [14] is extended here for the
full-wave characterization of a generalized two-port FGCPW
discontinuity on an unbounded dielectric substrate with finite
thickness. Fig. 2(a) depicts its physical layout for the determin-
istic MoM field calculations of its electric parameters at two
ports that are usually located far away from the region (– )
of discontinuity. The two selected ports, namely, and ,
are simultaneously driven by a pair of impressed electric fields
across the transversely infinitesimal interval () between the
signal strip and two ground planes (strips), as shown in Fig. 2(a).
The entire FGCPW discontinuity is classified into two distinct
regions: external lines ( – ) and ( – ) along which the
input/output signals propagate and circuit discontinuity (– )
to which all the discontinuity effects are attributed. Following
the MoM analytical procedure, an electric-field integral equa-
tion (EFIE) governing the total current density can be estab-
lished over the conductor surface

(1)

where denotes a dyadic Green’s function for the layered struc-
ture. and are the current densities over the signal and
ground strips of theth FGCPW line ( , and the FGCPW
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circuit discontinuity, respectively. denotes the so-called ex-
citation source in the deterministic MoM formulation [14] and
it is represented here as a pair of impressed voltages having re-
verse orientation and identical magnitude at the ports of each
FGCPW line, i.e., for theth line

elsewhere
(2)

in which represents the transversely infinitesimal interval at
each port, across which the impressed voltageis introduced.
By applying the Galerkin’s technique into (2), a source-type
matrix equation is derived, allowing for the calculation ofand

. By classifying further the external line region into the port
terminal ( ) and uniform FGCPW line section (), such a matrix
equation can be formulated in terms of impedance, voltage, and
current sub-matrices as follows:

(3)

Here, and are column voltage and current sub-matrices
standing for the impressed voltages and their corresponding cur-
rent responses at theth port, while denotes
an impedance sub-matrice that describes the field interaction be-
tween the two regions (and ). As such, the - or -matrix net-
work defined at the two ports can be deduced with the explicit
interrelation between the port voltages and currents, namely,
and ( ).

B. SOC Procedure

Now, let us look at the parametric —extraction scheme, which
is the key aspect in developing the equivalent-circuit model or
network for a specific physical layout from the above MoM-
based field calculations. A numerical calibration (deembedding)
technique, i.e., SOC [9], is applied to extract (deembed) the cir-
cuit model (network) by removing all the possible numerical
error terms including numerical noise, which exist in the deter-
ministic three-dimensional (3-D) MoM scheme. These terms,
which are related to the field model, are brought by the approx-
imation of source mechanism [10] and inconsistency between
the two-dimensional (2-D) and 3-D MoM definition of a uni-
form line section [11], [12], [13]. This is because it is impossible
to analytically formulate the impressed source for a layered ge-
ometry, and its numerical representation is always approximate
in nature. Usually, the accuracy of the numerical model is not
consistent with frequency, discretization, and other model pa-
rameters (e.g., the finite number of basis functions). Potential
error effects may be significant as compared to the extracted cir-
cuit parameters if the direct field-circuit parameters conversion
is used, which involve both 2-D and 3-D concepts and are not
necessarily consistent for particular electrical parameters such
as characteristic impedance. This causes additional troubles in
the parameter-extraction procedure.

To remove such hurdles, we have developed this SOC tech-
nique, which was inspired from the well-developed calibration
procedures such as thru-reflect line (TRL), e.g., [15]–[17], in

microwave measurements. One of the most noted features in
this new scheme is to be free from the use of characteristic
impedance of a uniform line, which is a usually quarreling issue
[11], [12], [13]. Compared to the TRL technique for measure-
ments, our SOC technique requires only two calibration ele-
ments in the whole numerical extracting or deembedding pro-
cedure, namely, short and open circuits.

Fig. 2(b) depicts the physical layout of such two FGCPW el-
ements for the purpose of numerical calibration with respect to
Fig. 2(a). As shown in Fig. 2(b), the impressed voltages drive the
ports ( ) of reference and the other sides () feature perfect
electric or magnetic walls, thereby exhibiting an ideal FGCPW
short or open end for the circuit representation. They are then
characterized by our above-discussed MoM scheme to evaluate
and extract electric behavior of the error terms incurred in re-
lated line sections ( – ) and ( – ) of the two-port FGCPW
discontinuity, as described in Fig. 2(a). A pair of EFIEs that cor-
respond to the short and open standards are represented by

(short-circuit)

(open-circuit)

(4)
in which denotes the image counterpart ofwith respect
to the terminal [ in Fig. 2(a)] for the th
FGCPW standard line and relevant electric or magnetic wall.
Upon the MoM calculation of current density over the entire
conductor surface of this line, a circuit matrix in relation to the
error terms can analytically be deduced through the solution
of three voltage–current equations for the short and open and
the additional condition related to the network reciprocity, as
detailed in [9]. By normalizing the port electric currents of the
short and open circuits, as well as the current flowing at the
short, namely, , , and , to their respective port voltages,

and , the error terms for theth line can be written by
the following matrix:

(5)

in which , , and are the three normalized currents. By
applying (5) to calibrate (or correct) the parameters obtained
from the solution of (3), the electric behavior of the two-port
FGCPW discontinuity in question can accurately be character-
ized into an equivalent admittance- or impedance-matrix circuit
model at the two chosen referencesand . This model con-
siders, as far as the MoM calculations permit, all the physical
effects in connection with the FGCPW circuit region of interest
including effects of high-order modes generated at the interface
between the FGCPW line and core discontinuity region.

III. RESULTS AND DESIGN EXAMPLES

In this section, the SOC scheme is applied to the accurate
parametric extraction of the complete circuit model from
our full-wave MoM-based calculations for two classes of the
FGCPW reactive series-connected elements, as described in
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(a) (b)

Fig. 3. Computer-aided design (CAD)-oriented unified model of FGCPW
capacitive series-connected elements, as shown in Fig. 1(b). (a) Initial circuit
model. (b) Modified circuit model.

(a)

(b)

Fig. 4. Calibrated (or extracted) equivalent-circuit parameters of wide-ground
FGCPW capacitive series-connected elements. (a) Shunt admittance
Y = G + jB . (b) Series admittanceY = G + jB .

Fig. 1(b) and (c). In addition, our own experiments are carried
out to verify the accuracy of our proposed equivalent-circuit
model or network. Finally, an innovative uniplanar three-stage
FGCPW bandstop filter is designed with the developed circuit
model and then a filter sample is fabricated and measured to
compare with the predicted results.

A. FGCPW Series Capacitance Elements

Fig. 3(a) depicts the initial circuit model for FGCPW series-
connected (gap) capacitive structures, as in Fig. 1(b), which con-
sists of two shunt capacitors () and a pair of parallel capac-

(a)

(b)

Fig. 5. Frequency response of the calibrated lumped-circuit parameters of
wide-strip FGCPW capacitive series-connected elements as a function of the
gap interval. (a) Shunt admittanceY = G + jB . (b) Series admittance
Y = G + jB .

itive admittance ( ) and inductive impedance
( ) at the two reference planes and . Such
a circuit topology is different from that of a microstrip or CPW
gap structure, which has electrically infinite extended ground
planes. In this case, represents an additional inductive pa-
rameter caused by the finite extent of signal- or ground-strip
widths if the other strip is gap discontinued. Further, this orig-
inal model can be converted into its more convenient format, as
shown in Fig. 3(b), where the capacitive and inductive
are put together to make up a series lossyRLC resonator sand-
wiched between the two FGCPW open ends. The loss factor is
related to a potential radiation generated by electric field dis-
tributed inside the gap region and also current density flowing
along the continuous signal- or ground-line section.

Special attention is paid to the modeling characterization
of two FGCPW structures that have wide ground-strip gap
and wide signal-strip gap. They are usually responsible for
significant coupling strength and serious resonant behavior.
Figs. 4 and 5 give a set of SOC-calibrated frequency-dependent
lumped elements of the described circuit model. To highlight
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(a)

(b)

Fig. 6. Predicted and measured results for the two FGCPW capacitive
series-connected structures, as discussed in Figs. 5 and 6, which are
attached with two tapered 50-
 CPW line sections at the terminals for
facilitating measurements. (a) Frequency response for a wide ground-strip gap.
(b) Frequency response for a wide signal-strip gap.

resonance characteristics at high frequency, the complete
curves for are plotted over the two differently
scaled frequency ranges (2.0–8.0 GHz) and (8.0–10.0 GHz),
as shown in Figs. 4(b) and 5(b). Generally, the two extracted
shunt capacitances ( ) are found to be virtually frequency
independent within the noted frequency range (2.0–10.0 GHz),
while they are negligible over the frequency range of interest
in the circuit model.

On the other hand, Figs. 4(b) and 5(b) indicate that the series
susceptance ( ) behaves quasi-linearly in the low-frequency
range and then an abrupt increment occurs as frequency in-
creases further. The series conductance () is extremely small
at low frequency and then it goes up rapidly. As frequency in-
creases further, drops quickly while is raised to a cer-
tain maximum value, thus suggesting the existence of anRLC
resonance phenomenon. If the gap distance () becomes short-
ened, is slightly shifted up at low frequency, thereby showing
that the capacitive coupling gains a great enhancement. Nev-
ertheless, the resonant frequency appears to move downward,

Fig. 7. Dispersion properties of accurately extracted shunt and series
susceptances (B andB ) of FGCPW IDC structures compared to those of an
FGCPW gap (t = 8 mil), as depicted in Fig. 4.

(a) (b)

Fig. 8. Proposed CAD-oriented unified circuit model of an FGCPW inductive
series-connected element, as shown in Fig. 1(c). (a) Initial circuit model.
(b) Modified circuit model.

which indicates a significant increase of the series inductance
( ) and the series capacitance may remain intact (). To our
knowledge, this is mainly influenced by the inductive (signal or
ground) stripline section with a narrow width around the air–gap
region.

To verify our proposed model and the above-discussed prop-
erties, two FGCPW gap structures are fabricated and measured.
They are realized with mil with tapered 50- CPW lines
at the two sides of the circuit that facilitates measurements with
our network analyzer. Predicted return and insertion losses ob-
tained from the extracted network are plotted together with the
measured results in Fig. 6, showing a good agreement. Further-
more, they are to confirm very well our claimed existence of the
“resonance” behavior at high frequency. In fact, radiation loss
around the resonant frequency is too significant to be ignored in
the extracted circuit model. Given that gap distance mil,
the insertion loss ( ) in Fig. 6(a) is found much higher than
that in Fig. 6(b), which indicates a large enhancement of capac-
itive coupling by using an FGCPW wide ground-strip gap. This
coupling behavior can easily be understood by comparing two
groups of our SOC-extracted series susceptance (), as shown
in Figs. 5(b) and 6(b).

Fig. 7 depicts frequency response of the SOC-calibrated sus-
ceptances ( and ) of alternative FGCPW capacitive se-
ries-connected element together with that of the gap structure
in Fig. 4. Here, a pair of interdigital capacitor (IDC) structures
are arranged on the two ground strips to enhance further the
coupling strength. The extracted and appear to increase
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(a) (b)

(c)

Fig. 9. SOC-calibrated frequency-dependent parametric characteristics of wide-strip FGCPW inductive series-connected elements. (a) Shunt admittanceY =

G + jB . (b) Series impedanceZ = R + jX . (c) Lumped shunt capacitanceC and lumped series inductanceL .

incrementally at low frequency and then rapidly as frequency
increases further as opposed to those of the gap structure. It is
attributed to a distributed (parallel) mechanism of coupling. If
the IDC finger number is chosen to be large, this structure may
be an ideal dc-block circuit in the design of uniplanar active cir-
cuits and active antennas [18] in view of its strong capacitive
coupling.

B. FGCPW Series Inductance Elements

Fig. 8(a) describes the initial circuit model of the FGCPW in-
ductive series-connected elements, as shown in Fig. 1(c), which
consist of two series impedances (and ) as well as two
identical input/output shunt capacitances (). Specifically,
refers to the circuit equivalence of an FGCPW notch line sec-
tion with narrow width ( ), including the inductance ( )
generated by this narrow line and the capacitance () due to
a parasitic coupling between two open ends at the terminals
( and ). is an additional series inductive impedance
brought by the other nonnotched finite line section of signal
strip or ground strips. Meanwhile, represents the effect of

the FGCPW step discontinuity at the planes (and ). Sim-
ilar to the case of FGCPW capacitive elements, as depicted in
Fig. 3, this model can be analytically converted into its more
convenient format, as given in Fig. 8(b), by its complete series
impedance ( ). Note that an additional series in-
ductance ( ) caused by a finite extent of the FGCPW ground
planes is responsible for enhancement of the total series induc-
tance ( ), which is different from the conventional CPW [1].

Fig. 9(a) and (b) provides the SOC-extracted frequency-de-
pendent circuit parameters versus different length () for the
FGCPW structure marked by class (A), by transversely notching
(or cutting) the signal-strip width. Over the frequency range
(2.0–10.0 GHz), the shunt susceptance () appears to increase
quasi-linearly as frequency goes up and its related counterpart
( ) seems extremely small, as shown in Fig. 9(a). In addition,
the series reactance ( ) seems linearly enhanced as frequency
increases up to 8.0 GHz and then to vary slightly in relation with
the “resonance” caused by a certain combination of and

. The series resistance () is found much small over the
wide range, except in the range of “resonance.” Due to the re-
verse orientation of current density flowing along the signal and
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(a) (b)

(c)

Fig. 10. CAD model-based extracted dispersive circuit parameters of wide-ground FGCPW inductive series-connected elements. (a) Shunt admittanceY =

G + jB . (b) Series impedanceZ = R + jX . (c) Lumped shunt capacitanceC and series inductnaceL .

Fig. 11. Detailed physical layout and lumped-element circuit representation of an innovative uniplanar bandstop filter based on the wide-ground FGCPW inductive
series-connected elements, as depicted in Fig. 10. This filter is designed to showcase our proposed CAD-oriented unified model based on field theory.

ground strips, the radiation loss is extremely weak compared to
the FGCPW gap structures. As the length () is extended from
8.0 to 72.0 mil, both and are observed to increase rapidly.
Fig. 9(c) gives the extracted and versus the length () at
a fixed frequency GHz, exhibiting a linear and propor-
tional increase.

Fig. 10(a) and (b) gives a set of curves for the SOC-extracted
circuit elements in the case of considering the other FGCPW
structure marked by class (B), by transversely notching (or cut-
ting) the two ground strips to build up a pair of narrow line
sections at the central location; more precisely,

. Very similar electrical properties are observed, and a
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Fig. 12. Predicted and measured return/insertion losses of the proposed
three-stage uniplanar bandstop filter (see Fig. 11 for its geometrical design)
over the frequency range of 5.8 GHz (industrial–scientific–medical (ISM)
band).

quasi-lumped circuit behavior is pronounced at frequency lower
than 7.0 GHz for both and . Nevertheless, the observed
wide-band linear behavior is slightly degraded by and around
the “resonance” frequency range for , which is reduced by
1.0 GHz and some “nonlinear” effect for is clearly visible
over the range of GHz, especially in the case of

mil. Fig. 10(c) plots the series inductance () and shunt
capacitance ( ) as a function of the length () at frequency

GHz for three offset cases ( and mil).
Similar linear increment properties versus the notch line length
( ) can be well observed for all the three cases, as in Fig. 9(c).
As the offset decreases to move the notch line outwards the
signal strip, gains a significant increase, but remains al-
most unchanged.

C. Innovative Uniplanar Bandstop Filter

With the SOC-extracted circuit model, an innovative filter
design example is showcased with theoretical and experimental
results for uniplanar FGCPW structures. Fig. 11 shows the
layout and its complete equivalent-circuit model of a novel
uniplanar multistage bandstop filter, in which each FGCPW
line section represents an approximate half-wavelength uni-
form line resonator at the central frequency (in this paper,

GHz). Each FGCPW series element is characterized
in terms of a lumped series inductance and a pair of shunt
capacitance, which is quantitatively described in Fig. 10. On
the basis of the circuit topology, as described in Fig. 11(b),
the frequency response of such a filter can be modeled toward
its specified electrical performance by applying a circuit
network-based optimization procedure [19]. Fig. 12 shows its
predicted electrical performance together with our measured
results, which exhibit the Chebyshev-type bandstop frequency
response. It is found that 3-dB frequency bandwidth with
respect to the return loss is wider than 30%, while the insertion
loss ( ) outside the stopband range appears to be smoothly
varied around the ideal value of 0 dB.

IV. CONCLUSION

Equivalent-circuit model representation of a large variety of
new FGCPW reactive series-connected elements has been ex-
tensively investigated in this paper. With the use of our unique
SOC scheme self-contained in a full-wave MoM algorithm, ex-
tracted parameters of the model can accurately account for var-
ious physical effects, including parasitic effects caused by elec-
trically finite ground and/or strip width. Our detailed studies
reveal a number of interesting features of the FGCPW struc-
tures such as quasi-lumped circuit behavior at low frequency
and parasitic lossy “resonance” phenomenon regarding to the
radiation effect at high frequency. Those electrical properties
including the parasitic effects may be very useful for the design
of novel uniplanar and multilayered circuit and antenna building
blocks, as the electrical parameters are extracted in a very accu-
rate manner. Our experiments are made to verify the accuracy
of our proposed unified circuit model and also observed “reso-
nance” characteristics. With this model, an innovative uniplanar
three-stages FGCPW bandstop filter is designed and fabricated
on the basis of an efficient circuit network that is extracted from
field calculations. It is found that the predicted results are very
well compared with our measured frequency response.
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