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Enhanced Coupling Structures for
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Abstract—Tightly coupled lines are difficult to realize on the
conventional printed circuit board (PCB). This paper proposes
two types of novel enhanced coupled-line structures appropriate
for tightly coupled directional couplers and wideband filters.
The proposed coupled-line structures both have a rectangular
ground-plane aperture and two inserted signal strips in the aper-
ture to increase the coupling strength significantly. No fine lines
and narrow gaps are required so as to fit the conventional PCB
fabrication process. More importantly, the proposed structures
only need a single-layer substrate. To demonstrate the feasibility
of the proposed structures, one 3-dB directional coupler and two
four-pole Chebyshev filters with 0.05-dB equal-ripple bandwidths
of 40% and 37% are designed and realized. The coupler and
filters are fabricated on a PCB substrate with a dielectric constant
of 3.58 and a thickness of 0.508 mm. Good agreement between
measurements and simulations is observed.

Index Terms—Coupled line, defected ground structure (DGS),
directional coupler, microstrip line, parallel-coupled microstrip
filter, wideband bandpass filter (BPF).

I. INTRODUCTION

M ODERN commercialized microwave subsystems com-
monly use a printed circuit board (PCB) as a substrate to

implement circuits for lower cost. The minimum line width and
gap spacing in the conventional PCB process are approximately
0.15 mm. On the other hand, most of the popularly used PCBs
have low dielectric constants. It is inherently difficult to im-
plement tightly coupled lines with low dielectric-constant sub-
strates. Nevertheless, tightly coupled directional couplers (es-
pecially a 3-dB coupler) and wideband filters are essential com-
ponents in modern wireless communication systems. Moreover,
microstrip components are particularly important due to easy in-
tegration into the PCB. For the tight coupler and wideband filter
design, strongly coupled microstrip lines [see Fig. 1(a)] are re-
quired.

Various approaches have been proposed to design tight cou-
plers. The most famous one is the Lange coupler [1]–[3], which
is used extensively in the monolithic microwave integrated cir-
cuit (MMIC). However, the line width and gap spacing for ei-
ther a four- or six-line 3-dB Lange coupler will be far below the

Manuscript received October 04, 2010; accepted October 22, 2010. Date of
publication December 17, 2010; date of current version March 16, 2011. This
work was supported in part by the National Science Council (NSC), Taiwan,
under Grant NSC 98-2221-E-009-034-MY3 and Grant NSC 99-2221-E-009-
050-MY3.

The authors are with the Graduate Institute of Communication Engi-
neering, National Chiao-Tung University, Hsinchu 300, Taiwan (e-mail:
seaman.cm96g@g2.nctu.edu.tw; aa494412338@hotmail.com; mhchang@cc.
nctu.edu.tw).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2010.2094202

Fig. 1. Cross-sectional views of symmetric coupled microstrip lines. (a) Con-
ventional. (b) Modified with the ground-plane aperture.

fabrication limitation of the PCB process if a common substrate
(for example, a RO4003 substrate with a dielectric constant of
3.58 and a thickness of 0.508 mm) is used. The vertically in-
stalled planar (VIP) structure [4], [5] could fit the PCB process,
but it needs some special tools to solder the vertical substrate.
The multilayer structure [6]–[8] requires multilayer substrates.
The floating-plate overlay structure [9] needs small, overlaid
substrates. All the structures in [4]–[9] lead to higher fabri-
cation costs compared to a single-layer substrate structure. A
3-dB coupler can be fabricated on a single-layer substrate with
broadside-coupled structures employing coplanar waveguides
(CPWs) [10], [11]. Nevertheless, these structures may have the
input and output ports on different sides of the substrate and
might be difficult to apply to wideband filter design. Since there
must be ground plane metals on two sides of the top layer, filter
topologies such as interdigital, combline, or hairpin filters are
not suitable.

To design a microstrip, wideband, coupled-resonator band-
pass filter (BPF) on the PCB, there are many published works.
The ground plane aperture technique and the defected ground
structure (DGS), as shown in Fig. 1(b), are commonly used
to enhance the coupling [12]–[14]. In Fig. 1(b), the aperture
width varies according to the required coupling strength.
Dual-plane and broadside-coupled structures [15]–[17] enable
the stronger coupling, and filters with these structures inherently
exhibit wideband characteristics. Other techniques, such as mul-
tilayer structures [9], [18], three-line microstrips [19], multi-
mode resonators [20], [21], and the new coupling scheme in [22]
are used to design wideband BPFs. However, the above-men-
tioned filters may be large, require multilayer technology, or
have a narrow upper stopband. In [23], the interdigital coupling
structure was used for coupling enhancement to design a small
wideband BPF, but this structure is unable to realize a tight cou-
pler. Thus, it is more appropriate to design a new coupling struc-
ture suitable for tight couplers, wideband filters, and other cir-
cuits that require strong coupling.

In this study, two types of microstrip, coupled-line structures
with a rectangular ground-plane aperture and two inserted signal
strips in the aperture are presented. Compared to the conven-
tional coupled lines with or without the ground-plane aperture
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Fig. 2. Proposed coupled microstrip lines of type I. (a) Top view. (b) Bottom
view. (c) Cross-sectional view.

shown in Fig. 1, the proposed ones have a much stronger cou-
pling strength. Both proposed coupled-line structures have the
advantages of process compatibility with the conventional PCB
process, top-layer signal traces, and same-side input/output
ports. A 3-dB directional coupler was designed and manufac-
tured using the proposed method. The implemented coupler is
compact and only has two-finger coupled lines. In addition, the
new enhanced coupling structures are conveniently adopted in
any part of the resonator where the strong coupling is required.
Here, we use the proposed structures in the conventional
resonator to design wideband BPFs. The coupling strength
between adjacent resonators is easily varied by adjusting the
size of the ground-plane aperture and the width of inserted
signal strips. Two compact, wideband BPFs were designed and
fabricated. The implemented filters show that the proposed
structures effectively solve the coupling strength problem of
conventional microstrip resonators.

II. PROPOSED COUPLED-LINE STRUCTURES

A. Type I

Fig. 2 shows the top, bottom, and cross-sectional views of the
proposed coupled microstrip lines of type I. The proposed struc-
ture, where there are two inserted signal strips in the ground
plane, is basically an extension of the modified coupled lines
shown in Fig. 1(b). Note that two via-holes are added on each
end of the inserted signal strip on the bottom layer, penetrate
through the substrate, and appear on both ends of each signal
strip on the top layer. Therefore, the strip conductor is con-
nected to and is connected to . To separate the inserted
signal strip from the microstrip ground plane on the bottom
layer, there is a narrow gap between them. In the proposed struc-
ture, the width of two microstrip lines on the top layer is
and the spacing between them is . The width of two inserted
signal strips with a spacing on the bottom layer is . The
spacing between the inserted signal strips and the microstrip
ground plane is . Accordingly, the width of the ground-plane
aperture is . In the quasi-static
analysis, the coupling strength of the symmetric coupled lines
is determined by the even- and odd-mode capacitances and

or by the even- and odd-mode impedances and . The
voltage coupling factor for the coupled lines is given by [3]

(1)

Fig. 3. Quasi-TEM modes of the proposed coupled microstrip lines (type I).
(a) Even mode. (b) Odd mode.

Consequently, the larger the difference between the even- and
odd-mode impedances is, the stronger the coupling between the
lines will be.

Fig. 3 shows the even- and odd-mode excitations of the
proposed coupled-line structure. For the even-mode excitation
shown in Fig. 3(a), the normal component of the electric field
at the symmetry plane is zero, which results in a magnetic
wall. On the other hand, under the odd-mode excitation, the
symmetry plane behaves like an electric wall, as indicated in
Fig. 3(b). In Fig. 3, denotes the parallel-plate capacitance
located vertically between the signal and ground planes. is
the fringe capacitance from the edge of an uncoupled microstrip
line. and represent the fringe capacitances across the
gap between the inserted signal strip and the ground plane in
the air and dielectric regions, respectively. For the odd-mode
excitation in Fig. 3(b), and are the fringe capacitances
across the coupling gap in the air and dielectric regions, respec-
tively, on the top layer, whereas and are those on the
bottom layer. Therefore, the even- and odd-mode capacitances
( , ) of either of the coupled lines are given by

(2)

(3)

To compare the characteristics of the conventional and pro-
posed coupled lines shown in Figs. 1 and 2, first of all, it is nec-
essary to obtain the even- and odd-mode impedances of coupled
lines. We first perform the full-wave electromagnetic (EM) sim-
ulation for coupled lines by using Sonnet software [24], and then
load the four-port -parameter file in AWR Microwave Office
[25] to obtain the even- and odd-mode impedances. During the
simulation, a lossless metal is assumed, and a substrate with a
dielectric constant and a thickness mm is
used. Since the capability of the available fabrication process is
taken into account, each via-hole is 0.3 mm in diameter, and the
minimum line width and gap spacing are limited to be 0.15 mm.
Since there are too many physical parameters in the proposed
structure, the dimensions , , and are fixed at 0.15 mm.
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Fig. 4. Coupling factor � versus microstrip-line width � for two aperture
sizes � � ���� mm (circle �) and 2.85 mm (triangle �). Conventional:
dashed–dotted line. Modified with the ground-plane aperture: dashed line. Pro-
posed: solid line.

Fig. 4 plots the coupling factor versus microstrip line
width for two different aperture sizes mm and

mm, corresponding to mm and mm. The
lengths of the coupled lines and the ground-plane aperture are
33.75 and 33.15 mm, respectively. The figure shows that as

varies from 0.5 to 5 mm, the proposed structure always
has the largest coupling factor compared to the conventional
parallel coupled lines with or without the ground-plane aperture
under the same physical dimensions. Furthermore, the wider
the width of the ground-plane aperture is, the larger the
coupling factor will be. The increasing percentage of the
coupling factor is especially larger for wide lines. This property
is very advantageous since, for the filter application, it is very
difficult to obtain strong coupling for wide lines.

To explain the mechanism behind the proposed structure in
Fig. 4, first, consider the conventional coupled lines with and
without the ground-plane aperture, as shown in Fig. 1. For the
coupled lines without the ground-plane aperture, the even-mode
impedance is larger than the odd-mode impedance since
the even-mode capacitance is smaller than the odd-mode ca-
pacitance . For the coupled lines with the ground-plane aper-
ture in Fig. 1(b), the decreasing percentage of is greater
than that of owing to the ground-plane aperture. For this
reason, the increasing percentage of is greater than that of

, which results in a stronger coupling compared to the con-
ventional structure in Fig. 1(a). On the basis of the structure in
Fig. 1(b), now consider the proposed structure shown in Fig. 2
and the even- and odd-mode excitations given in Fig. 3. It is
seen that the inserted signal strip in the ground-plane aperture
increases and simultaneously due to capacitances
and in both even- and odd-mode excitations. As the width

of the inserted signal strip increases, both capacitances
and increase due to the increases of and . Addi-
tionally, the inserted signal strip introduces and in
the odd-mode excitation. Thus, the increasing percentage of
is much greater than that of . In other words, the proposed
structure decreases and at the same time, and the de-
creasing percentage of is much smaller than that of . This
method effectively enhances the coupling strength compared to
the structure in Fig. 1(b).

Fig. 5. Comparison of the coupling factor � for three different coupled lines
with two aperture sizes� � ����mm (circle�) and ����mm (triangle�).
Structure in [26]: dashed–dotted line. Proposed without via-holes: dashed line.
Proposed with via-holes: solid line.

It is interesting to compare the proposed coupled lines with
and without via-holes and the coupled-line structure with a
floating ground-plane conductor in [26]. Here, the dimensions
in Fig. 4 are used as an example so that mm and

mm correspond to the width of the floating ground-plane
conductor 1.35 and 2.55 mm in [26], respectively. Since the
coupling enhancement is concerned in this study, Fig. 5 shows
the coupling factor for these three structures. As shown in
the figure, the structure in Fig. 2 always has the largest coupling
factor, and via-holes are necessary for strong coupling. The
via-holes in the proposed structure have an extremely small size
and are primarily used for maintaining equal potentials on the
top and bottom signal strips. In other words, they are not used
to connect the signal strip to the ground plane. Accordingly, the
current on the coupled lines is mainly along the longitudinal
direction so that the inductive effect of via-holes is not severe
and can be neglected.

B. Type II

Fig. 6 depicts the top, bottom, and cross-sectional views of
the proposed coupled microstrip lines of type II. In comparison
with type I, type II has the same cross-sectional profile, except
that the signal strips on the top layer are cross-connected to
the inserted signal strips in the ground plane. Therefore, in
Fig. 6(b) and (c), the strip conductor is connected to
and is connected to . Although two pairs of via-holes
are not placed symmetrically on both sides with respect to
the central vertical plane, the even- and odd-mode excitations
are still applied since the via-holes are very small compared
to the whole circuit. The even- and odd-mode excitations of
type II are shown in Fig. 7. Under the same physical dimen-
sions, the even-mode excitation in Fig. 7(a) is the same as
that in Fig. 3(a) so that this structure has little influence on
the even-mode impedance of type I. However, comparing
the odd-mode excitations in Figs. 3(b) and 7(b), this structure
further decreases the odd-mode impedance of type I due to
additional capacitance . Thereby, types I and II have nearly
the same even-mode impedance, whereas type II has a much
smaller odd-mode impedance compared to type I. As a result,
the coupling factor of type II is larger than that of type I. Take
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Fig. 6. Proposed coupled microstrip lines of type II. (a) Top view. (b) Bottom
view. (c) Cross-sectional view.

Fig. 7. Quasi-TEM modes of the proposed coupled microstrip lines (type II).
(a) Even mode. (b) Odd mode.

Fig. 8. Comparison of the coupling factor� versus microstrip linewidth� for
types I (dashed line) and II (solid line) with two aperture sizes� � ����mm
(circle�) and ���� mm (triangle�).

the dimensions given in Fig. 4 as an example. Fig. 8 compares
the coupling factor versus microstrip line width for types
I and II to verify that type II has a much stronger coupling
strength than type I.

III. TIGHT COUPLER AND WIDEBAND FILTER DESIGN

To demonstrate the proposed coupling structures, one 3-dB
directional coupler and two compact wideband BPFs were de-
signed and implemented. All circuits were fabricated on the
Rogers RO4003 substrate with a dielectric constant of 3.58,

a loss tangent of 0.0021, and a thickness of 0.508 mm. Each
via-hole has a diameter of 0.3 mm. The commercial full-wave
EM simulation software Sonnet [24] was used to perform the
simulation. Since there is a conducting box in Sonnet, the mea-
surements of all circuits with attached standard subminiature A
(SMA) connectors were carried out in a shielding box using an
Agilent 8720ES network analyzer.

A. 3-dB Directional Coupler

To realize a tight coupler, the proposed structure of type II
[see Fig. 6] is chosen. Fig. 9 plots the even- and odd-mode im-
pedances versus normalized widths (from 0.6 to 1.5) and

(from 0.3 to 1.6). Since there are many physical param-
eters in the proposed structure, we set
in Fig. 9(a) and (b) and in Fig. 9(c)
for easy comparison between parameters. Accordingly, the nor-
malized ground-plane aperture width and
in Fig. 9(a) and (b) correspond to and

, respectively, and in Fig. 9(c) corresponds to
. The figures show that both and de-

crease as and increase. Comparing Fig. 9(a) and (b),
as varies from 4.1 to 4.7, increases, whereas re-
mains almost unchanged. From Fig. 9(a) and (c), as and

increase from 0.3 to 0.6, increases, whereas re-
mains almost the same. Thus, in the design process, we first
determine , , and according to , and then
choose and for . In addition, Fig. 9 gives the vari-
ations of the even- and odd-mode effective dielectric constants

and . The linear interpolation method is applied to es-
timate the even- and odd-mode effective dielectric constants
owing to their small variations.

In this study, the coupler with a 3 0.5-dB coupling factor
was designed at the center frequency of 1.5 GHz. The corre-
sponding even- and odd-mode impedances are
and . On the basis of the analytical results and
the design curves presented in Fig. 9(a)–(c), Fig. 10 depicts the
top and bottom layouts of the directional coupler along with
its physical dimensions. Note that two additional via-holes are
added on the middle of the coupler to eliminate the resonance.
The two additional via-holes have little effect on the even- and
odd-mode impedances and the coupling factor since they are
very small compared to the whole circuit.

Fig. 11 displays the photograph of the fabricated coupler.
The overall size of the coupler is 9.85 mm 35.95 mm. Fig. 12
shows the simulated and measured responses. The measured re-
sults show that the coupling strength is 2.671 dB at the center
frequency. The amplitude difference between port 2 (coupled
port) and port 3 (through port) is less than 1 dB over the fre-
quency range of 0.874–2.124 GHz, corresponding to a fractional
bandwidth of 83.3%. The phase difference between the through
and coupled ports is 89.61 at the center frequency and remains
90 1.5 from 0.1 to 2.138 GHz. The return loss and isolation
are better than 18.7 and 17.4 dB in the operating band, respec-
tively.

To show the sensitivity to fabrication tolerances for the
proposed coupled-line structure, we modify the mask during
the fabrication process because PCB factories cannot change
their processing parameters to match our study. Fig. 13 presents
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Fig. 9. Even- and odd-mode impedances (� ,� ) and effective dielectric con-
stants (� , � ) versus normalized values���,� ��,� ��,���,� ��,
and � ��. (a) � �� � ���, ��� � � �� � ���, and �� � � ��� �
��	. (b) � �� � ��
, ��� � � �� � ���, and �� � � ��� � ���.
(c) � �� � ���, ��� � � �� � ���, and �� � � ��� � ��	.

the measured responses of the proposed 3-dB coupler versus
etching error, i.e., from over-etching 0.05 mm (2 mil) to
under-etching 0.025 mm (1 mil), to demonstrate its sensitivity.
Only the insertion losses for the through port and the coupled

Fig. 10. Configuration of the proposed 3-dB coupler. (a) Top-layer
layout. (b) Bottom-layer layout. Coupler dimensions: � � ��	 mm,
� � ���
 mm, � � ���� mm, � � ��� mm, � � � �
� � � � ��� mm, � � �� mm, � � ��
 mm, � � ��� mm,
� � ��� mm, and � � ��� mm .

Fig. 11. Top view and bottom view of the fabricated coupler.

port are shown for clarity. It is seen that the coupler is insensi-
tive to manufacturing inaccuracies.

B. Wideband Quarter-Wavelength Parallel-Coupled Filter

Since a resonator has a smaller size and fewer spurious
modes than a resonator, it is suitable for microstrip filters.
The parallel-coupled filter presented in [27] was adopted
to design a four-pole Chebyshev filter with a passband ripple
of 0.05 dB, a center frequency ( ) of 1.5 GHz, and a fractional
bandwidth of 40%. According to the analysis and design process
in [27], the initial even- and odd-mode impedances of the cou-
pling sections are and . Since
the formulas in [27] are suitable for narrowband filters, the de-
veloped filter should be fine tuned after the first design phase.
Finally, the even- and odd-mode impedances of the coupling
sections are and . However, in this ex-
ample, the spacing of the conventional parallel coupled lines is
only 0.075 mm (i.e., smaller than 0.15 mm), which is beyond the
fabrication capability. Hence, the proposed structure of type I
[see Fig. 2] is used to obtain enough coupling.

Fig. 14 plots the even- and odd-mode impedances versus nor-
malized widths (from 1.4 to 2.6) and (from 0.3 to
1.2), together with the variations of the even- and odd-mode ef-
fective dielectric constants. For easy comparison between pa-
rameters, we set in Fig. 14(a) and (b)
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Fig. 12. Simulated (dashed line) and measured (solid line) results of the cou-
pler. (a) Insertion losses �� � and �� �. (b) Return loss �� � and isolation
�� �. (c) Phase difference between the through and coupled ports.

and in Fig. 14(c). Therefore, the nor-
malized ground-plane aperture width and 4.1
in Fig. 14(a) and (b) correspond to and
1.8, respectively, and in Fig. 14(c) corresponds to

. As shown in the figure, both and
decrease as and increase. From Fig. 14(a) and (b),
as varies from 3.5 to 4.1, increases obviously while

increases slightly. Comparing Fig. 14(a) and (c), as and
increase from 0.5 to 1.1, increases, whereas re-

mains almost the same. On the basis of the above discussion,

Fig. 13. Measured sensitivity to etching tolerances for the proposed 3-dB cou-
pler (over: over-etching; under: under-etching).

we first choose , , and for , and then deter-
mine and according to . The even- and odd-mode
effective dielectric constants are estimated using the linear in-
terpolation method.

Once the even- and odd-mode impedances are determined,
the dimensions of the coupling sections can be obtained using
the design charts in Fig. 14. The physical layout and dimensions
of the parallel-coupled filter are shown in Fig. 15. Again,
two additional via-holes are added on the middle of each cou-
pling section to eliminate the resonance. Fig. 16 shows a photo-
graph of the fabricated filter. The size of the filter is 55.8 mm
4.3 mm, which is , where is the guided
wavelength of the 50- line on the substrate at the center fre-
quency. The simulated and measured responses of the filter are
presented in Fig. 17. The measured results show that the filter
has a center frequency of 1.519 GHz. The measured 3-dB frac-
tional bandwidth is 49.11% from 1.18 to 1.926 GHz. The filter
has a minimum insertion loss of 0.5934 dB and a return loss
better than 18.1 dB within the passband. The maximum pass-
band group delay variation is 1.5 ns. The first spurious frequency
is at 4.176 GHz ( ), and the rejection level is better than

20 dB from 2.381 to 4.109 GHz.
Fig. 18 presents the measured responses of the par-

allel-coupled filter versus etching error, i.e., from over-etching
0.05 mm (2 mil) to under-etching 0.025 mm (1 mil). In spite
of inaccurate fabrication, the center frequency and the band-
width are almost unchanged. The passband return losses for all
cases are better than 14.8 dB. Hence, the filter is insensitive to
fabrication tolerances.

C. Wideband Quarter-Wavelength Hairpin Filter

The proposed coupling structures are easily incorporated in
any part of the resonator where the strong coupling is needed.
Fig. 19 depicts the top and bottom layouts of the folded mi-
crostrip resonator with the proposed type I structure. Here,
the resonator is folded in a hairpin shape in order to apply the
electric and magnetic couplings easily. In comparison with
the conventional hairpin structure, the proposed one has
an inserted signal strip in the ground plane along the edge of
the open-end section of the resonator. The resonator has a top
linewidth of , and the width of the inserted signal strip in
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Fig. 14. Even- and odd-mode impedances (� , � ) and effective dielectric
constants (� , � ) versus normalized values ���, � ��, � ��, ���,
� ��, and � ��. (a) � �� � ���, ��� � � �� � ���, and �� �
� ��� � ���. (b) � �� � 	��, ��� � � �� � ���, and �� �� ��� �
��
. (c) � �� � 	��, ��� � � �� � ���, and �� � � ��� � ���.

the ground plane is . The spacing between the inserted
signal strip and the microstrip ground plane is . The length
of the inserted signal strip is , and the total physical length
of the resonator is . Since, in this example, the

Fig. 15. Configuration of the four-pole ��	 parallel-coupled filter. (a) Top-
layer layout. (b) Bottom-layer layout. Filter dimensions:	 � ���
mm,	 �
	�
mm,	 � ����mm,	 � ����mm,	 � ����mm,	 � ���mm,
� � � � ���� mm, � � ���� mm, � � ���� mm, � � ��� mm,
� � ��� mm, and � � ��� mm.

Fig. 16. Top view and bottom view of the fabricated��	 parallel-coupled filter.

length of the coupling section and the width of the resonator are
arbitrarily chosen, the design procedure is conveniently based
on the coupling coefficient and the external quality factor

[28]. In the design process, we first fix and , and
then adjust iteratively to assure that the required coupling
coefficient can be achieved for the minimum allowable spacing
between resonators.

The designed four-pole hairpin filter is a Chebyshev filter
with a passband ripple of 0.05 dB, a center frequency ( ) of
1.4 GHz, and a fractional bandwidth of 37%. According to the
specifications, , , and

. The resonator dimensions are determined as follows:
mm, mm, mm, and

mm.
For the resonator dimensions listed above, Fig. 20 plots the

two basic coupling structures and the design curves for the
proposed hairpin filter. There are two kinds of couplings
involved in the filter. At resonance, each of the resonators
has the maximum electric fringe fields near the open end and
the maximum magnetic fringe fields around the short end.
Hence, Fig. 20(a) is for the electric coupling and Fig. 20(b)
is for the magnetic coupling. The proposed type I structure
forms a strong capacitive coupling between resonators where
the coupling strength is determined by the widths and
and the spacings and . The strong magnetic coupling is
realized by a common transmission line connected to ground.
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Fig. 17. Simulated (dashed line) and measured (solid line) results of the ���
parallel-coupled filter. (a) Scattering parameters. (b) Passband group delay.

Fig. 18. Measured sensitivity to etching tolerances for the���parallel-coupled
filter (over: over-etching; under: under-etching).

The coupling strength is adjusted by the length of the
common short-circuited stub.

Fig. 21 depicts the physical layout and dimensions of the
hairpin filter. Here, we number these four resonators as 1–4 from
left to right. The coupling is magnetic, whereas and
are electric. A tapped-line input/output structure is used for the
external coupling since it is space saving and easy to design. The

Fig. 19. Proposed ��� hairpin resonator. (a) Top view. (b) Bottom view.

Fig. 20. Coupling structures and design curves for the proposed ��� hairpin
filter. (a) Electric coupling and (b) Magnetic coupling.

tap position is chosen to match the value for the 50-
source/load impedance.

Fig. 22 shows a photograph of the fabricated hairpin filter
with a size of 16.45 mm 15.5 mm, i.e., .
Fig. 23 illustrates the simulated and measured responses. The
measured results show that the filter has a center frequency of
1.409 GHz. The measured 3-dB fractional bandwidth is 47.84%



582 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 3, MARCH 2011

Fig. 21. Configuration of the proposed four-pole ��� hairpin filter. (a) Top-
layer layout. (b) Bottom-layer layout. Filter dimensions:� � ����mm,� �

��� mm, � � ����� mm, � � ���� mm, � � ���� mm, � �

���� mm, � � ����� mm, � � � � � � � � ���� mm, � �

��	� mm, and � � ��� mm.

Fig. 22. (left) Top view and (right) bottom view of the fabricated ��� hairpin
filter.

from 1.077 to 1.751 GHz. Within the passband, the minimum
insertion loss is 0.6526 dB, and the return loss is better than
14.2 dB. The maximum passband group delay variation is 1.5 ns.
The first spurious response is at 4.522 GHz ( ), and the
rejection level is better than 20 dB from 2.016 to 4.334 GHz.

Fig. 23. Simulated (dashed line) and measured (solid line) results of the ���
hairpin filter. (a) Scattering parameters. (b) Passband group delay.

IV. CONCLUSION

Two types of enhanced coupling structures for parallel
coupled microstrip lines have been presented. The coupling
strength can be easily varied by adjusting the size of the
ground-plane aperture and the width of inserted signal strips.
This allows the relaxation of fabrication tolerances since strict
dimensions are avoided. The proposed structures are easily
fabricated on a single-layer substrate by the conventional PCB
process. A novel 3-dB directional coupler and a four-pole

parallel-coupled filter with a 40% bandwidth were real-
ized using the proposed coupled-line structures. Moreover, a
four-pole hairpin filter with a 37% bandwidth was con-
structed to demonstrate their convenient applications in the
conventional resonator to enhance the coupling between adja-
cent resonators. These three examples prove that the proposed
two structures have successfully solved the coupling strength
problem of conventional parallel coupled microstrip lines and
are easily applied in many resonator configurations.
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