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A Novel Coplanar-Waveguide Directional Coupler
With Finite-Extent Backed Conductor

Chun-Lin Liao and Chun Hsiung Chen, Fellow, IEEE

Abstract—A novel edge-coupled coplanar-waveguide (CPW)
directional coupler with a floating backed conductor is proposed.
For design purposes, a theoretical transmission-line model for
the coupler is established, which is based on the characteristic
parameters of the related coupled CPW structures. To this end,
the effective dielectric constants and characteristic impedances
of the conductor-backed edge-coupled CPW structures are ana-
lyzed using the full-wave analysis based on the spectral-domain
approach. Specifically, the coupling coefficient of this new coupler
can be controlled by adjusting the width of the backed con-
ductor. In this paper, two conductor-backed edge-coupled CPW
directional couplers with moderate ( 6 dB) and tight ( 3 dB)
coupling coefficients are designed and implemented based on the
theoretical transmission-line model. The theoretical results are
compared with the measured ones, and the agreement among
them confirms the usefulness of the coupler design model, as well
as the full-wave approach for the related coupled CPW structures.

Index Terms—Coplanar waveguide (CPW), directional coupler.

I. INTRODUCTION

THE coplanar waveguide (CPW) receives increased atten-
tion due to the merits of easy integration with solid-state

devices. Directional couplers are essential in implementing mi-
crowave components such as power dividers, phase shifters, bal-
anced amplifiers, and balanced mixers. To develop the CPW-
based directional couplers, various related coupled CPW struc-
tures were proposed and examined [1]–[4].

In 1970, an edge-coupled CPW directional coupler was pro-
posed by Wen [1], which could achieve a 10-dB coupling by
placing the two signal strips close to each other. However, it is
difficult to enhance its coupling effect to a level such as 3 dB
due to the limit in fabrication process. To increase the coupling
effect, the broadside-coupled CPW directional couplers were
proposed [4], but, in these coupler structures, the coupled signal
strips should be placed in the different sides of the substrate. Al-
ternatively, the multilayer and multimetal-level structures have
been proposed to develop the compact directional couplers [5],
[6]; however, their implementation requires a more complex
fabrication process.

Recently, a conductor-backed edge-coupled CPW structure
was proposed [7]. In this structure, a finite-extent backed con-
ductor on the other side of the substrate is added to the con-
ventional edge-coupled CPW structure [1]. This extra backed
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conductor can provide additional coupling mechanism so that
the coupling effect may further be enhanced [7]. In this paper,
this coupled structure is employed to fabricate the new con-
ductor-backed edge-coupled CPW directional coupler.

Precise characteristic parameters of related coupled CPW
structures are required in designing the CPW directional coupler.
The conformal-mapping techniques were developed to handle
the coupled CPW lines with upper shielding and infinite con-
ductor backing [8], [9], as well as with finite substrate thickness
[10]. The conductor loss of the coupled CPW structure with finite
metallization thickness and finite conductivity was examined in
[11]. However, these quasi-static techniques are not enough in
handling the conductor-backed edge-coupled CPW structure, as
proposed in [7]. Recently, a quasi-static analysis (QA) method
based on the conformal-mapping technique [12] was developed
to characterize the conductor-backed edge-coupled CPW struc-
ture [7], but the quasi-static formulas are only available for the
odd CPW mode and not for the even CPW mode.

The full-wave methods for characterizing the effective di-
electric constant, dispersion effect, and transient behavior of
the conventional edge-coupled CPW structure were reported in
[13]–[15]. However, in these analyses, the electric field com-
ponent along the propagation direction was neglected and the
modal characteristic impedances were not discussed.

In this paper, a novel conductor-backed edge-coupled CPW
directional coupler, which has a finite-extent backed conductor
on the another side of the substrate, is proposed. To implement
this coupler, the characteristic parameters of the related cou-
pled CPW structures are needed to establish a theoretical trans-
mission-line model for coupler design purposes. To this end,
the full-wave analysis (FA) based on the spectral-domain ap-
proach with a new set of basis functions is used to analyze the
recently proposed edge-coupled CPW structure with a finite-ex-
tent backed conductor [7]. This FA is partly confirmed by com-
paring its results with those of the QA [12].

Based on the transmission-line design model, two con-
ductor-backed edge-coupled CPW directional couplers of
moderate ( 6 dB) and tight ( 3 dB) coupling coefficients are
implemented and carefully examined. The measured results are
then compared with the results of the theoretical design model
and those of a commercial software (Ansoft Ensemble). Agree-
ment among the coupler’s theoretical and measured results again
supports the usefulness of the coupler design model, as well as
the full-wave approach for the related coupled CPW structures.

II. COUPLED CPW STRUCTURES

A transmission-line design model will be established for the
proposed edge-coupled CPW directional coupler with finite-ex-
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(a)

(b)

Fig. 1. Cross section of: (a) conductor-backed edge-coupled CPW structure
and (b) conventional edge-coupled CPW structure.

tent backed conductor. For this purpose, the conductor-backed
edge-coupled CPW structure [see Fig. 1(a)] recently proposed
in [7] will be carefully characterized. This coupled structure has
identical strip width and slot width , and the dielectric con-
stant and thickness of the substrate are and , respectively.
The two signal strips are separated by a distance , which is
the width of the central slot. For comparison, the conventional
edge-coupled CPW structure [see Fig. 1(b)] [1] is also included
and examined. All ground planes are connected together by
bond wires or air bridges so as to suppress the unwanted cou-
pled-slotline mode. For the structure of Fig. 1(a), the coupling
mechanism may be controlled by the width of the backed con-
ductor. To simplify the analysis, each of these coupled CPW
structures is enclosed by a conducting box, which is so large
that it will not affect the coupling mechanism of the structure.

Three fundamental modes are supported by the multicon-
ductor structure shown in Fig. 1(a). Here, all the ground planes
have been connected together by the bond wires so that the struc-
ture has three conductors beside the ground planes. Among the
fundamental modes, two of them are the odd CPW mode and
even CPW mode, whose characteristics may be analyzed by
introducing the electric and magnetic walls on the plane

. The third one is called the microstrip-line (MS) mode. The
coupling mechanism of this coupled CPW structure is mainly
discussed by the characteristic parameters of these two CPW
modes, therefore, the MS mode should properly be suppressed.

A. FA

To analyze the coupled CPW structure shown in Fig. 1(a), an
FA method based on the spectral-domain approach will be used
to characterize the effective dielectric constants and character-
istic impedances of the odd CPW, even CPW, and MS modes.
The unknowns in the governing integral equations are the elec-
tric fields over the slot regions on the upper conductors and the
electric currents on the lower backed conductor. In this study, the
unknown electric fields and currents for the even CPW and MS
modes used in the spectral-domain computation are expressed
as

(1)

(2)

(3)

(4)

Here, the basis functions are chosen as

where

By substituting (1)–(4) into the governing integral equations,
one may compute the effective dielectric constants for the
even CPW and MS modes. The odd CPW mode may similarly
be treated with some modification.

The corresponding characteristic impedances are computed
by

(5)

where is the voltage between the signal line and ground plane,
while is the current along the signal line. The coupling coef-
ficient for the coupled CPW structure is defined by [16]

(6)
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Fig. 2. Comparison of full-wave results (FA) and quasi-static results (QA) for
the odd CPW mode of the structure [see Fig. 1(a)] with different w=s ratios
(� = 12:9, h = 100�m, d = 240�m, f = 1GHz).

where and are the characteristic impedances of the
even CPW and odd CPW modes, respectively.

B. Results for Coupled CPW Structures

As a first check, the characteristic impedances of the odd
CPW and even CPW modes of the conventional edge-coupled
CPW structure [see Fig. 1(b)] are calculated by the FA, which
yields and . They are compared
with the measured ones ( and )
in [1]. Good agreement among these results confirms the use-
fulness of the FA.

As a second test, both the FA and the QA based on the
conformal-mapping technique [12] are used to characterize the
conductor-backed edge-coupled CPW structure [see Fig. 1(a)].
Fig. 2 shows the corresponding effective dielectric constants

and characteristic impedances for the odd CPW
mode calculated by the FA and QA methods. Good agreement
among the theoretical results from both methods for various
structure parameters ( , , ) partly supports the accuracy of
our FA method.

For the conventional edge-coupled CPW structure [see
Fig. 1(b)], the coupling effect is mainly controlled by the
distance between the two signal strips. Fig. 3 shows the
effective dielectric constants and characteristic impedances

of odd and even CPW modes together with the associated
coupling coefficients . As the strip distance d decreases,
the impedance of the odd CPW mode decreases so that the
coupling coefficient increases, but its value is less than 5 dB,
except that m.

To increase the coupling effect of the conventional edge-cou-
pled CPW structure [see Fig. 1(b)] with reasonable strip distance

, a finite-extent backed conductor is added to form the new
conductor-backed edge-coupled CPW structure, as shown in
Fig. 1(a). Fig. 4 shows the effect of backed-conductor width

Fig. 3. Effect of strip distance d on effective dielectric constants, characteristic
impedances, and coupling coefficients of the conventional edge-coupled CPW
structure [see Fig. 1(b)] (� = 12:9,h = 100�m,w = 200�m, s = 160�m,
f = 3GHz).

Fig. 4. Effect of backed-conductor width L on effective dielectric constants,
characteristic impedances, and coupling coefficients of the conductor-backed
edge-coupled CPW structure [see Fig. 1(a)] (� = 12:9, h = 100�m, w =

200�m, s = 160�m, d = 240�m, f = 3GHz).
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Fig. 5. Effect of strip distance d on effective dielectric constants, characteristic
impedances, and coupling coefficients of the conductor-backed edge-coupled
CPW structure [see Fig. 1(a)] (� = 12:9, h = 100�m, w = 200�m, s =

160�m, f = 3GHz)

on this new coupled structure. It can be seen that, as the width
is increased ( m), the characteristic impedance

is decreased while is increased. The larger ratio
between and makes the coupling coefficient larger
than 3 dB. For m (so that the backed conductor
is wide enough to cover the upper two strips), the impedance

decreases rapidly, which makes the coupling coefficient
decrease accordingly. Obviously, the coupled structure [see

Fig. 1(a)] could produce stronger coupling between two signal
strips, as reflected by Fig. 4. Also presented in Fig. 4 is the
curve for the third fundamental mode, which is called the MS
mode, for which the backed conductor now serves as a signal
line, and all upper conductors might be regarded as the ground
planes.

Fig. 5 shows how the distance between two signal strips af-
fects the parameters , , and . As the distance varies
from 40 to 400 m, the locations of maximum vary accord-
ingly, but the values of maximum have no obvious different.

Fig. 6 shows the effect of slot width on the character-
istics of the conductor-backed edge-coupled CPW structure
[see Fig. 1(a)]. As becomes larger, the distance between
two strips becomes relatively smaller, and the characteristic
impedance of the even mode is found to be larger. However,
the odd mode’s impedance only changes slightly as is in-
creased, making the associated coupling coefficient increase
accordingly. This property is very useful in the design of the
directional coupler.

Fig. 7 shows the frequency dependence of effective dielec-
tric constants, characteristic impedances, and coupling coeffi-

Fig. 6. Effect of slot width s on effective dielectric constants, characteristic
impedances, and coupling coefficients of the conductor-backed edge-coupled
CPW structure [see Fig. 1(a)] (� = 12:9, w = 200�m, d = 100�m, L =

500�m, f = 3GHz).

Fig. 7. Frequency dependence of effective dielectric constants, characteristic
impedances, and coupling coefficients of the conductor-backed edge-coupled
CPW structure [see Fig. 1(a)] (h = 100�m, w = 200�m, s = 160�m,
d = 240�m, L = 640�m).
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Fig. 8. Configuration of edge-coupled CPW directional coupler with
finite-extent backed conductor (� = 4:6, h = 1:6mm, w = 10mm,
s = 1:6mm, w = 4mm, s = 0:4mm, d = 2mm, L = 48mm,
center frequency = 1GHz).

cients for the conductor-backed edge-coupled CPW structure
[see Fig.1 (a)]. The dispersion effect is not serious as the backed
conductor is added.

III. CPW DIRECTIONAL COUPLERS

By employing the coupled CPW structure of Fig. 1(a),
a novel edge-coupled CPW directional coupler with a fi-
nite-extent backed conductor is proposed. This coupler has an
edge-coupled CPW section of length , which is backed by
a floating conductor of length and width , as shown in
Fig. 8. The edge-coupled section is then connected to the four
CPW ports so as to suppress the unwanted MS mode.

A. Coupler Design Model

For coupler design purposes, a theoretical transmission-line
model is established. In this model, the characteristic imped-
ances of the odd and even CPW modes of the related conductor-
backed edge-coupled CPW section [see Fig.1 (a)], as decided by
(6), are chosen as

(7)

where is the characteristic impedance of the terminating
CPW lines. By referring to Figs. 4–6, one may get the desired

by varying the parameters of , , and . Finally, one may
get the desired by adjusting the parameter . The coupling
length for the coupled CPW section is chosen as

(8)

The design model makes use of the conventional par-
allel-coupled transmission-line theory [17], which is based on
our full-wave results ( , , , and ) for the
related conductor-backed edge-coupled CPW section shown in
Fig. 1(a). This model neglects the effects of the discontinuities
and the power losses. By the use of workstation Sun Ultra 2
(UltraSPARC 200 MHz), it requires approximately 15 min to
get a frequency point in Figs. 9–11.

Fig. 9. Theoretical and measured results for �6-dB directional coupler (L =

6mm).

Fig. 10. Theoretical and measured results for�3-dB directional coupler (L =

20mm).

To have a better prediction of the performance theoretically,
the coupler is also simulated by the commercial software Ansoft
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Fig. 11. Theoretical and measured results for phase differences between S
and S of �3-dB directional coupler (L = 20mm).

Ensemble. The results shown in Figs. 9–11 are calculated by
a Pentium III 1-GHz personal computer (PC), and the running
time is approximately 45 s for each frequency point.

B. Results for Directional Couplers

Two conductor-backed edge-coupled CPW directional
couplers of moderate coupling ( 6 dB) and strong coupling
( 3 dB) are designed based on the transmission-line design
model in Section III-A. These couplers, implemented on the
FR4 substrate ( , mm), are designed with the
center frequency at GHz. The characteristic impedance of
the terminating CPW lines is 50 . The coupler configuration
is shown in Fig. 8. From the coupling theory, the scattering
parameter for the coupler in Fig. 8 is equal to the coupling
coefficient C for the coupled CPW structure in Fig. 1(a).

In this study, two conductor-backed edge-coupled CPW
directional couplers that have the same circuit configuration
(Fig. 8) and parameters, but with different backed-conductor
widths ( ) are examined. Without the backed conductor, the
coupling coefficient of this structure is approximately 8.6 dB.
With the help of a narrow ( mm) or a wide ( mm)
backed conductor, the coupling coefficient may be enhanced to
the level of 6 or 3 dB, respectively. In order to avoid the
unwanted MS mode, the coupler is fed by the CPW lines, as
shown in Fig. 8, which then excite the desired odd and even
CPW modes in the coupled region. Some bond wires should
properly be added to suppress the unwanted coupled-slotline
mode.

The coupler with four-ports is measured by the HP8510B net-
work analyzer. In the measurement, the two ports under investi-
gation are connected to the network analyzer and the other two
ports are terminated by the 50- kits. The moderate coupling
( 6 dB) coupler has a narrower backed conductor ( mm),
and its results are shown in Fig. 9. The corresponding measured
return loss and isolation are all less than 15 dB.

Using the wider backed conductor ( mm), one can get
a tight coupling ( 3 dB) directional coupler, and its results are
shown in Fig. 10. The differences between and are
less than 1 dB from 0.75 to 1.31 GHz. Both results in Fig. 9
and Fig. 10 show that our theoretical transmission-line model
agrees with the measured data quite well around the center fre-
quency. The correctness of the full-wave results (discussed in
Section II-B) for the related conductor-backed edge-coupled

CPW structure [see Fig. 1(a)] are again confirmed by these mea-
surements.

The phase differences (in degree) between and of the
3-dB directional coupler are shown in Fig. 11. The measured

data show that the differences are within 90 3 up to 1.5 GHz.
This figure also shows that the measured data and ensemble
results have a narrower bandwidth than that of the theoretical
design model. Physically, the transmission-line model ignores
all the discontinuity effects, thus, it becomes less accurate in
the higher frequency range.

The results in Figs. 9–11 also show that the unwanted MS
mode can effectively be suppressed by using a proper CPW
feeding structure so that the coupling mechanism may mainly
be governed by the even and odd CPW modes.

IV. CONCLUSION

Novel conductor-backed edge-coupled CPW directional cou-
plers have been implemented and carefully examined theoret-
ically and experimentally. To design the coupler, a transmis-
sion-line design model based on the characteristic parameters of
the related coupled CPW structures has been established. To this
end, the conductor-backed edge-coupled CPW structure [see
Fig. 1(a)] has been carefully characterized using the FA based
on the spectral-domain approach. By this full-wave approach
with more accurate basis functions, the coupling coefficient of
the coupled CPW structure [see Fig. 1(a)] may be designed to
be better than 3 dB. The dispersion effect is not serious as the
backed conductor is added.

In this study, two conductor-backed edge-coupled CPW
directional couplers ( 6 and 3 dB) have been implemented
based on the design model. These couplers have been care-
fully examined using the transmission-line design model,
commercial software (Ansoft Ensemble), and measurement.
The theoretical results agree well with the measured ones,
thus, the simpler design model may well predict the coupler
performance. The agreement among the coupler’s theoretical
and measured results again confirms the usefulness of the
full-wave approach for the related coupled CPW structures.
By using the proper CPW feeding structure to the coupler, the
experimental results have shown that the unwanted MS mode
may effectively be suppressed so that it would not affect the
coupling mechanism associated with the coupler.
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