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Abstract—A new coupling scheme for microstrip bandpass
filters with quarter-wavelength (\/4) stepped-impedance res-
onators is proposed. In the proposed coupling scheme, two
adjacent /4 stepped-impedance resonators are coupled by
directly connecting an admittance inverter between them. By
properly designing the connecting position, one may adjust the
coupling coefficient between two resonators so that narrow to
broad bandwidth filters may easily be fabricated without cou-
pling gaps. Here, the admittance inverter is realized by a \/4
stepped-impedance line. Based on the proposed coupling scheme
and the conventional magnetic coupling structure, the filters with
narrow or wide bandwidth may be designed and implemented. In
addition, folded lines are adopted to make the filter size compact.
In this study, a two-pole filter with a 3-dB bandwidth of 5.1% and
two four-pole filters with 3-dB bandwidths of 33% and 51% are
successfully fabricated. Good agreement between measured and
simulated results is observed.

Index Terms—Microstrip bandpass filter, quarter-wavelength
(A/4) resonator, stepped-impedance resonator.

I. INTRODUCTION

OMPACT-SIZE bandpass filters with a wide range of

bandwidth are essential in developing modern microwave
communication systems. Recently, planar circuits have become
more and more popular due to ease in integration and manu-
facture, and many microstrip filter structures based on uniform
distributed-element resonators have been proposed. For ex-
ample, quarter-wavelength (A/4) resonators have been used
to implement the interdigital and combline filters [1]-[4]. In
[5], the filters incorporating the stepped-impedance technology
with various shaped resonators were reported. However, it is
difficult, for the above filters, to realize a wide bandwidth due
to the restricted gap width.

Bandpass filters based on half-wavelength (A/2) open stubs
or \/4 shorted stubs are quite attractive owing to the merits
of possessing relatively wide bandwidth and low insertion loss
around passband. The optimum distributed high-pass filters [6],
[7] using shorted stubs were attractive in the ultra-wideband ap-
plication; however, the associated design data are only available
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for the structures with wider bandwidths. The dual-behavior res-
onator filter [8] is possible to be designed for various bandpass
responses, but it has the drawback of no dc block and the de-
sign formulas for obtaining the required specifications are not
intuitive. The traditional n-pole A\/4 shorted stub filter [9] is de-
signed according to the characteristic admittances of stubs and
connecting lines; hence, it has the difficulty in realizing a filter
with narrow bandwidth, because the required stub admittances
would be too high to be realized. In [10], the A/4 shorted stubs
were used to design narrow to broad bandwidth filters without
coupling gaps, but, only the case with uniform stubs were dealt
with.

In this study, a new coupling scheme for realizing the
narrow-to-broad bandwidth microstrip filters is proposed.
By directly connecting an admittance inverter between two
stepped-impedance resonators and then suitably designing the
connecting position, one may adjust the coupling coefficient
between two resonators so that a wide range of coupling
may be realized on the planar filter structures. Based on the
well-known coupled-resonator approach [9] and the designable
coupling coefficients, either narrow- or wide-bandwidth filter
using A/4 resonators may be implemented with simple design
procedure. Specifically, three microstrip filters with narrow or
wide bandwidth are carefully designed and implemented so as
to demonstrate the proposed concept.

The proposed coupling scheme to design filters with narrow
to broad bandwidths is basically an extension of DiPiazza’s
work [10], which was never published in a journal and is
relatively inaccessible. Although the same principle is used in
the design phase, the proposed coupling scheme still has some
practical significance because it gives details of the case with
nonuniform or stepped stubs and gives details of miniaturiza-
tion techniques such as using meandered lines.

II. PROPOSED COUPLING SCHEME USING AN
ADMITTANCE INVERTER

The conventional planar coupling schemes, using capacitive-
coupled structures or parallel-coupled lines, have some restric-
tions in achieving a tight coupling. For example, to realize a
larger coupling, the separation distance between two capaci-
tive-coupled resonators must be minimized. However, in prac-
tice, it is difficult to carry out such a small gap by using the
printed circuit board (PCB) fabrication process.

Fig. 1 shows the equivalent schematic of the proposed cou-
pling scheme for which two \/4 stepped-impedance resonators
are directly connected or coupled by an admittance inverter.
Here, the admittance inverter is represented by a J-inverter.
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Fig. 1. Equivalent schematic of the proposed coupling scheme for explaining
the coupling mechanism.

The mechanism of new coupling scheme in adjusting the cou-
pling coefficient may be explained by calculating the suscep-
tance slope seen into the connecting position. The input suscep-
tance Bj, seen into the connecting-position node may be written
as

B, =Im {Yl jYz tan(92)—|—jY1 tan(01 —90) .Y }

Yi— Vs tan(fs) tan(8; —6.)  tan(d.)
(1)

and its related susceptance slope b;, (= b;) can be formulated as

wo OBiy
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b; = @
where wq represents the angular center frequency. Through
some manipulations, the relationship between the coupling
coefficient M; ;11 and inverter value J; ;41 may be established
as

A Jiin
VI9idi+1 \/ bin_l

where b; and b; 1 denote the susceptance slopes of resonators
1 and ¢ + 1, respectively, g; and g; 11 are the element values of
lowpass filter prototype, and A represents the filter fractional
bandwidth.

Fig. 2 shows the calculated susceptance slope and coupling
coefficient against the connecting position 6.. Here, the numer-
ical values are obtained by using Y7 = 1/93.3Q,Y> = 1/35Q,
61 = 6 = 31.48°, and J; ;41 = 0.01. Note that the suscep-
tance decreases and the coupling coefficient M; ;1 increases
as f. increases, implying that one may change the coupling
by simply adjusting the connecting position. Compared to the
conventional planar capacitive-coupled structures, the proposed
coupling scheme may realize a wide range of coupling level and
largely relieves the restriction due to the printed circuit board
fabrication process.

To exemplify the proposed coupling scheme, Fig. 3(a)
demonstrates the physical layout of the coupled-resonator
pair with an inverter. At this point, the meandered \/4 uni-
form-impedance line is substituted for the inverter. From the
coupled-resonator point of view, the connecting line between
two resonators may be considered as a coupling path to provide
the required coupling. The full-wave simulated resonance-split-
ting phenomenon for different L. is depicted in Fig. 3(b),
where the two split resonance frequencies go remoter as L.
increases. It is evident that the connecting position may be

M; 41 = 3)
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Fig. 2. Calculated susceptance slope and coupling coefficient against the con-
necting position ..
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Fig. 3. (a) Physical layout of the coupled-resonator pair with an inverter of

meandered A/4 line. (b) Full-wave simulated resonance-splitting phenomenon
for different L..

varied to adjust the coupling amount. The coupling coefficient
from full-wave simulated results [see Fig. 3(b)] coincides well
with the calculated one in Fig. 2.

III. DESIGN PROCEDURES AND REALIZATION OF TWO-POLE
FILTER WITH FRACTIONAL BANDWIDTH OF 5%

The well-established coupled-resonator procedures [9] are
used to design the proposed filters. Here, several steps are
summarized to facilitate the design.

Step 1) Identify the required filter specifications, including
the center frequency ( fo), fractional bandwidth (A),
and required low-pass prototype.
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(b)

Fig. 4. (a) Circuit layout and (b) photograph of the proposed two-pole mi-
crostrip filter. (Via diameter = 0.508 mm, Via pad = 1.524 X 1.524 mm?,
w; = 0381 mm, w, = 3.175mm, wz = 0.381 mm, wy; = 2.032 mm,
s = 5969 mm, s = 10.287 mm, s3 = 31.75mm, s, = 3.81 mm,
diap = 0.508 mm, and d. = 1.016 mm.).

Step 2) Decide the impedance ratio and length ratio for the
utilized A/4 stepped-impedance resonators. These
two parameters determine the occupied resonator
size and the spurious passband of overall filter.

Step 3) Choose the admittance inverter for coupling
scheme. Typically, a A/4 uniform-impedance or
stepped-impedance line may be adopted as the
inverter.

Step 4) According to the given specifications, determine the
connecting position to give the required coupling co-
efficient M; ;11. As mentioned above, for a filter
demanding narrow bandwidth, the connecting po-
sition associated with the resonators-inverter struc-
ture should approach the shorted end of the \/4 res-
onator, and vice versa.

Step 5) Use the extracting method in [9] to obtain the related
external quality factors Q..

Step 6) To facilitate the overall design, the (). for the utilized
tapped-line feeding structure and the coupling coef-
ficient M; ;41 should be extracted in advance and
drawn as design curves with respect to the related
positions.

For demonstration, a two-pole filter based on the above-men-
tioned procedures is fabricated and shown in Fig. 4. Here, the
filter is fabricated on the Rogers RO4003C substrate with ¢, =
3.38, tan § = 0.0022, and thickness 4 = 0.813 mm. The spec-
ified center frequency and 3-dB fractional bandwidth are 2 GHz
and 5%, respectively. The corresponding coupling coefficient
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Fig. 5. Design curves concerning external quality factor (). and coupling co-
efficient M for the proposed two-pole filter (Fig. 4).
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Fig. 6. Simulated and measured frequency responses of the proposed two-pole
microstrip filter (Fig. 4) with a 3-dB fractional bandwidth of 5%.

M5 converted from the element values of Butterworth low-pass
prototype is 0.035, and the external quality factors Q). associ-
ated with the input/output resonators are 28.284.

To determine the physical dimensions of the filter, the full-
wave simulator ADS Momentum is employed to establish the
required design curves. As shown in Fig. 5, the design curves re-
late the coupling coefficient M7, and the external quality factor
Q. to the distances d. and dx.;, (see Fig. 4), respectively. Appar-
ently, the connecting position associated with the resonators-in-
verter structure should be close to the shorted end to get the
small quantity of indispensable coupling (M, = 0.035). It
should be mentioned that the electric length of the inverter must
retain \/4 while varying the connecting position for extracting
the coupling coefficient.Fig. 6 shows the measured and simu-
lated responses of the narrow-bandwidth two-pole filter shown
in Fig. 4. The measured center frequency is at 1.985 GHz and
the measured 3-dB fractional bandwidth is 5.1%. The imple-
mented two-pole filter has the insertion loss better than 2.327
dB and a maximum return loss of 22.9 dB. The circuit size of
this filter is 7.874 mm X 12.954 mm, which is approximately
0.086 A\, x 0.142 X\,, where )\, is the microstrip guided wave-
length on the substrate at center frequency.

By the effect of the open stubs associated with the first and
second resonators, a transmission zero around 2.25 GHz is ob-
served in the simulated curve of Fig. 6, because two open-stub
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(b)

Fig. 7. (a) Circuit layout and (b) photograph of the proposed four-pole
microstrip filter using proposed coupling scheme. (Via diameter = 0.508 mm,

Via pad = 1.524 x 1.524 mm?, w; = 0.381 mm, w, = 3.556 mm,
w3z = 3.556mm, wy = 2.032 mm, ws = 0.381 mm, wg = 2.032 mm,
s1 = 30988 mm, s; = 3048 mm, s3 = 4.572mm, s, = 6.096 mm,
s5 = 5715mm, s¢ = 4.572mm, d; = 5334mm, d; = 1.651 mm,

d3 = 3.175mm, and dy, = 2.413 mm.).

lengths are made equal in simulation. However, two transmis-
sion zeros are presented in the measured curve, a consequence
of unequal open-stub lengths caused by the imperfect fabrica-
tion process.

IV. REALIZATION OF FOUR-POLE FILTERS
‘WITH WIDE BANDWIDTH

A. Four-Pole Filter Using Proposed Coupling Scheme

As mentioned above, compared with the conventional cou-
pled structures, the proposed coupling scheme has an advantage
of easily realizing a large coupling amount. To demonstrate this
capability, a four-pole filter shown in Fig. 7 with wide band-
width is fabricated. According to the Chebyshev low-pass pro-
totype, the design parameters for this four-pole filter are de-
termined with the center frequency fo at 2 GHz and a 0.1-dB
equal-ripple bandwidth of 30%. The external quality factors Q.
and coupling matrix [M] associated with the specifications are
calculated as
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Fig. 8. Simulated and measured frequency responses of the proposed four-pole
microstrip filter (Fig. 7) using proposed coupling scheme. (a) Narrowband S'-pa-
rameters. (b) Wideband S-parameters.

Qei = Qeo = 3.696

0 0.2492 0 0
0.2492 0 0.1972 0

[M] = 0 0.1972 0 0.2492 @
0 0 0.2492 0

The coupling coefficients My5, Moz, and M3, are imple-
mented by the proposed coupling scheme. Although there is an
extra coupling M7, between the first and fourth resonators, its
coefficient M4 is relatively small compared with Mo, Mo,
and M3, , and therefore it will be neglected in the subsequent
design. To reduce the circuit size, folded stepped-impedance
resonators and meandered lines are arranged to achieve the re-
quired coupling. Moreover, by incorporating the steps into in-
verters, one may shorten the inverter length and suppress the
higher order spurious resonances. Like the two-pole filter, the
tapped-line coupling is used to get the necessary quality factor
Q.. Based on this coupling matrix, the theoretical response is
calculated and shown in Fig. 8(a).

The measured and simulated responses of the proposed four-
pole filter (Fig. 7), which is fabricated on the Rogers RO4003C
substrate, are shown in Fig. 8. The implemented four-pole filter
has the measured center frequency at 2 GHz, a measured 3-dB
fractional bandwidth of 33.08%, a minimum insertion loss of
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(b)

Fig. 9. (a) Circuit layout and (b) photograph of the proposed four-pole
microstrip filter using both proposed coupling scheme and magnetic coupling
structure. (Via diameter = 0.508 mm, Via pad = 1.524 x 1.524 mm?,

w; = 0508 mm, wy; = 0381 mm, w3 = 3.429 mm, wys = 0.508 mm,
ws = 3.683 mm, wg = 0.381 mm, w; = 1.524 mm, wg = 0.381 mm,
$1 = 33.528 mm, s = 3.302mm, s3 = 4.318 mm, s, = 1.143 mm,
s5 = 5.824mm, d; = 4.064mm, d> = 4.191 mm, d3 = 5.969 mm,
dy = 8.763 mm, and d5 = 1.143 mm.).

0.77 dB, and a return loss of 17.28 dB. This fabricated four-pole
filter has a compact dimension of 15.621 mm X 17.018 mm,
which is approximately 0.172), x 0.187A,.

The transmission zero generated by the open stub associ-
ated with the first or fourth resonator is again observed around
2.407 GHz in Fig. 8. With this transmission zero, the selectivity
of the upper stopband is improved. Note that the full-wave sim-
ulated result is not fully agreed with the theoretical response
synthesized by the coupling matrix. The deviation can be con-
tributed to the generation of transmission zero which is not in-
cluded in the coupling matrix. It may also be contributed to the
variations in the coupling coefficients and external quality fac-
tors between simulated and theoretical cases.

B. Four-Pole Filter Using Both Proposed Coupling Scheme
and Magnetic Coupling Structure

Among various planar coupling schemes, the magnetic cou-
pling using a shunt inductance is a desirable candidate for re-
alizing a large amount of coupling coefficient. Hence, for the
sake of reducing via-holes and circuit size, the required strong
magnetic coupling is implemented by a common shorted stub
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Fig. 10. Simulated and measured frequency responses of the proposed
four-pole microstrip filter (Fig. 9) using both proposed coupling scheme and
magnetic coupling structure. (a) Narrowband S-parameters. (b) Wideband
S -parameters.

for the second and third coupled-resonators. Fig. 9 exhibits the
physical layout of the four-pole filter with a wider bandwidth.
Similarly, all stepped-impedance resonators and lines are folded
for size reduction.

According to the Chebyshev low-pass prototype, this filter is
designed with the center frequency fy at 2 GHz and a 0.1-dB
equal-ripple bandwidth of 45%. By these design specifications,
the external quality factors (). and coupling matrix [M] may be
written as

Qei = Qeo = 2.464

0 0.3739 0 0
0.3739 0 0.2959 0

[M] = 0 0.2959 0 0.3739 )
0 0 0.3739 0

The large coupling coefficients M7 and M3, are achieved by
the proposed coupling scheme while the strong magnetic cou-
pling M3 is realized by the common shorted stub associated
with the second and third resonators. Note that the longer the
common shorted stub, the larger the magnetic coupling estab-
lished. The theoretical response transformed from this coupling
matrix is also given in Fig. 10(a).

The measured and simulated responses of the proposed four-
pole filter (Fig. 9), which is again fabricated on the Rogers
RO4003C substrate, are shown in Fig. 10. The implemented
four-pole filter has the measured center frequency at 1.99 GHz,
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a measured 3-dB fractional bandwidth of 51.62%, a minimum
insertion loss of 0.656 dB, and a return loss of 15.2 dB. This
fabricated four-order filter with only three via-holes has a com-
pact size of 11.176 mm X 19.304 mm, which is approximately
0.123 A, x 0.212),.

V. CONCLUSION

In this paper, a new coupling scheme for microstrip filters
with \/4 stepped-impedance resonators has been proposed. By
introducing an admittance inverter between two A/4 coupled
resonators and suitably designing the connecting position, one
may realize a coupled structure with wide range of coupling co-
efficients, thereby enabling narrow to broad bandwidth filters to
be implemented without coupling gaps. Specifically, three mi-
crostrip filters based on the proposed coupling scheme, a two-
pole filter with narrow bandwidth and two four-pole filters with
wide bandwidth, have been successfully designed and fabri-
cated. The new coupling scheme realizes a filter not only with
wide range of bandwidth but also with symmetric structure,
compact size, and good performance. The proposed filters are
suitable for the progressive microwave communication applica-
tions with assorted bandwidths.
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