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ABSTRACT: In this paper, a series of high-selectivity bandpass filters based on parallel-coupled microstrip lines is proposed. The devel-
oped filters are derived from a conventional parallel-coupled microstrip line filter, with an additional pair of parallel-coupled microstrip
lines incorporated into the two open ends, one of which is short-circuited. Accordingly, a pair of transmission zeros is introduced into the
transmission coefficient of the traditional parallel-coupled microstrip line filter by this modification, thereby enhancing its selectivity.
To further enhance the selectivity of the developed filter, a pair of quarter-wavelength transmission lines was connected to each of the
short-circuited ends. This additional structure introduces another pair of transmission zeros, thereby further improving the selectivity of
the filter. For demonstration, two bandpass filters have been designed and fabricated. Specifically, the measured attenuation slopes for
the modified structure were 213 dB/GHz and 106 dB/GHz at the lower and upper band edges, respectively.

1. INTRODUCTION

n modern microwave communication systems, microwave

filters are essential passive components that have garnered
significant interest from microwave and radio frequency (RF)
researchers. For microwave bandpass filters, high selectivity
is a crucial performance metric, along with other important pa-
rameters, such as low insertion loss, high out-of-band rejection,
and compact size [1,2].

To enhance the selectivity of a bandpass filter, three ap-
proaches are generally used. The first approach involves in-
creasing the order of the bandpass filter. However, increasing
the order of the filter typically results in an enlarged circuit size.
Consequently, this method is generally not preferred because
of'its disadvantages [3—6]. The second method involves the use
of high-@) transmission line structures. However, high-Q trans-
mission lines, such as waveguide structures, are often bulky and
difficult to manufacture [7, 8].

The final technique for boosting selectivity involves increas-
ing the number of transmission zeros for the bandpass filter,
which effectively narrows the passband and sharply attenu-
ates the stopband frequencies. Generally, two primary meth-
ods can be employed to introduce additional transmission ze-
ros in the transfer function. The first approach is to increase
the number of signal transmission paths, such as by employ-
ing cross-coupling [9-13]. The second approach involves gen-
erating additional transmission zeros through the use of paral-
lel resonators, such as spurlines [14] or defected ground struc-
tures [15, 16]. For cross-coupled filters in [9—13], the require-
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ment to satisfy specific coupling structures often results in rel-
atively large dimensions, as the number of transmission zeros
(M) is generally limited to N — 2, where N denotes the fil-
ter order. Moreover, the corresponding coupling matrix is re-
quired to be obtained. For bandpass filters employing open-
circuited stubs or spurlines at the ports [14], the overall size is
typically large. For bandpass filters utilizing defected ground
structures [15, 16], the integrity of the ground plane is compro-
mised. Consequently, designing high-selectivity bandpass fil-
ters with simple structures and compact sizes remains a signif-
icant challenge owing to the inherent trade-offs and complexi-
ties associated with each approach.

In this paper, a series of high-selectivity bandpass filters
is developed using parallel-coupled microstrip lines. Closed-
form expressions for the resonant frequencies are derived to
guide practical implementation. Moreover, the newly gener-
ated pair of transmission zeros can be adjusted by varying the
characteristic impedance of the quarter-wavelength transmis-
sion lines, which can be utilized to suppress signals at specific
frequencies outside the passband.

2. DESIGN OF ANALYSIS FOR THE PROPOSED FIL-
TERS

The structure of the conventional parallel-coupled microstrip
line bandpass filter is illustrated in Fig. 1, and its simulated per-
formance is depicted in Fig. 2. As can be observed, the filter
exhibits relatively poor frequency selectivity. Furthermore, the
out-of-band rejection performance was found to be inadequate,
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FIGURE 1. Conventional bandpass filter using parallel-coupled mi-
crostrip lines.
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FIGURE 2. Simulated responses of the structure in Fig. 1.

thereby limiting its suitability for applications requiring high
spectral purity.

To enhance the selectivity and out-of-band rejection perfor-
mance, a pair of quarter-wave-length-coupled microstrip lines,
one end of which is short-circuited, is inserted between the two
open-circuited ends of the conventional parallel-coupled mi-
crostrip line bandpass filter, as illustrated in Fig. 3. For con-
venience analysis, the odd- and even-mode impedances of the
two sets of parallel coupled microstrip lines are set to be iden-
tical.

Because the developed bandpass filter has a symmetrical
structure, it can be decomposed into even- and odd-mode exci-
tations, shown in Fig. 4. For the even-mode equivalent circuit,
its input admittance can be obtained as follows:

Ae ' Zinl + Be

Tipe = =l T Ze
e Ce . Zinl + De

(1)
where A., B, C., D, are the transfer matrix elements of the
two-port network enclosed by the dashed box in Fig. 4(b), and
Zin 1s the input impedance of a transmission line with charac-
teristic impedance Z., electrical length 6, and one end short-
circuited. As discussed in [17], the transfer matrix of the two-
port network can be derived as follows:

A, Be cos 6 j% sin @
c. D, | J ;:jfzeo cosf

Therefore, the input admittance for the even-mode equiva-
lent is expressed as

. (8Z.+ Z,) (Ze + Z,) sinf cos
Zine = J )
2((Ze + Z,) cos? 0 — 2Z, sin” 0]

3)

Similarly, the input admittance for the even-mode equivalent
can be represented as

Ao . Zin2 + Bo

Zin =
? CVo ' Zin2 + Do

= jsin®
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FIGURE 3. Schematic of the developed bandpass filter based on the
structure in Fig. 1.

FIGURE 4. Equivalent circuits for the developed bandpass filter, (a)
odd mode, (b) even mode.
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where A,, B,, C,, D, are the transfer matrix elements of the
two-port network enclosed by the dashed box in Fig. 4(a), and
Zinp 1s the input impedance of a transmission line with charac-
teristic impedance Z,, electrical length 6, and one end short-

circuited.
Ay By \ jZetZe sing
Co D, cos 6
(%)

When Yine = 1/Zines Yino = 1/Zino equals zero, and five
roots can be obtained, which are derived as

A7 .7, cos O

( (Ze"!‘Zo)2 cos” 9_(Ze_Zo)2
2ZcZ,

Zo+ Z,
0, = arctan 7. (6)
27
0, = arct — 7
5 arctan 7 1 7. @)
7r
b = 5 ®)
94 = T — 92 (9)
95 = T — 91 (10)

In addition, when Zi,e = Zin, tWo transmission zeros lo-
cated at DC and 2 f can be straightforwardly identified from the
circuit symmetry and boundary conditions. Unfortunately, due
to the high-order nature of the governing equations — a quartic
(fourth-order) polynomial equation in the frequency variable —
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it is mathematically intractable to obtain closed-form analytical
solutions for the remaining two finite-frequency transmission
zeros. However, the remaining two finite-frequency transmis-
sion zeros cannot be expressed in explicit analytical form in
terms of Z, and Z,.

To illustrate the impact of the odd-mode and even-mode
impedances on the filter, Fig. 5 shows the S-parameters for var-
ious combinations of odd-mode and even-mode impedances.
As shown in Fig. 5, with a gradual increase in the coupling co-
efficient C = (Z.+Z,)/(Z.— Z,), the operating bandwidth of
the developed bandpass filter gradually increases, whereas the
out-of-band rejection performance deteriorates progressively.
Specifically, these transmission zeros originate from the signal
cancellation (interference) technique, which may also be char-
acterized as multi-path interference as shown in Fig. 3 [18, 19].
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FIGURE 5. Responses for the original structure of the developed band-
pass filter.

Moreover, considering the limitations of the manufacturing
processes, the selected odd-mode and even-mode impedances
are respectively as Z, = 1500, Z, = 70€). Notably, the
transmission poles 6; and 65, which are supposed to generate
resonant points outside the passband and thereby degrade the
out-of-band rejection characteristics, are effectively suppressed
owing to the presence of transmission zeros on both sides of the
passband.

To further enhance the selectivity of the developed band-
pass filter under the same coupling coefficient conditions, a
pair of quarter-wavelength transmission lines with characteris-
tic impedance of Z is connected to each of the short-circuited
ends, as depicted in Fig. 6. Similarly, the modified structure
of the developed bandpass filter was also axially symmetric.
Therefore, by performing an odd-even mode analysis, the cor-
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FIGURE 6. Schematic of the modified structure for the developed band-
pass filter.
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FIGURE 7. Equivalent circuits for the modified structure for the devel-
oped bandpass filter, (a) odd mode, (b) even mode.

responding equivalent circuits can be obtained, as shown in
Fig. 7.
Referring to the aforementioned analysis, the even-mode and

odd-mode input impedances Z; . and Z/  in Fig. 7 are
A.-Z .+ B
Zi/ _ € inl € (1 1)
" Ce- Zi/nl + De
A, Z! B,
Upy = o om T2 (12)
C, - Zi,+ D,
where Z/ | and Z/ , can be derived as
Zotan? 0 — Z
' = Zese L T T O 13
in (Ze + Zs) tan 0 (13)
Z, tan? 6 — 7,
ty = By (14)

(Zo+ Zs) tan 0

Given the high order of the aforementioned equations, ex-
plicit solutions cannot be obtained readily. Consequently, a
parametric sweep analysis was employed to investigate the be-
havior.

The responses of the original and modified structures of the
developed bandpass filters are illustrated in Fig. 8. It can be
observed that, after the incorporation of open-circuit stubs, two
additional transmission zeros are generated. These zeros effec-
tively enhance the out-of-band rejection level and improve the
selectivity within the passband of the bandpass filter.

To investigate the influence of Z., Z,,, and Z, on the modi-
fied structure, the control variable method is employed. When
Z, and Z, are maintained constant, the filter response versus

Magnitude, dB

FIGURE 8. Responses for the modified and original structures of the
developed bandpass filters. (Z. = 1509, Z, = 709, Z, = 100 2).
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FIGURE 9. Responses for the modified structure of the developed band-
pass filter versus Zs. (Z. = 1509, Z, = 70Q).
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FIGURE 10. Responses for the modified structure of the developed
bandpass filter versus Z. and Z,. (Zs = 130Q2).

Z is presented in Fig. 9. As can be seen from the figure, with
the gradual increase in Z;, all the transmission zeros except
those at DC and 2 f are observed to move towards the center
frequency, thereby further enhancing the selectivity within the
passband. However, regarding the transmission zeros 67, and
072, their variation ranges are considerably smaller than those
of 83 and 04 when Z; is adjusted. Consequently, it can be
concluded that the transmission zeros 61 and 05 remain es-
sentially unchanged during the tuning of Z,. According to [20],
the maximum available characteristic impedance of microstrip
lines is limited to approximately 130 2. Considering the con-
straints of manufacturing processes, Z; is selected to be 130 (2.

When the characteristic impedance of the open-circuited stub
Z is fixed, the four transmission zeros excluding the two lo-
cated at DC and 2 f; can be tuned by adjusting Z. and Z,, as
demonstrated in Fig. 10. According to Fig. 10, it is evident
that when the coupling coefficient C' is varied, the transmission
zeros 073 and 074 can be regarded as essentially unchanged
compared to the variation ranges of 671 and 65. Therefore, it
can be concluded that the transmission zeros 073 and 674 re-
main substantially unaffected when the coupling coefficient C
is adjusted.

To sum up, the proposed structure adopts a distinct loading
approach by introducing parallel-coupled microstrip lines with
one short-circuited end at the open ends of the coupled res-
onators, thereby establishing dual signal propagation paths to
generate additional transmission zeros. While this achieves the
same goal of enhancing filter selectivity as conventional port-
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equations (6)-(10) and Figs. 9-10
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FIGURE 11. Flowchart for the developed bandpass filter.

loaded stubs, the implementation methodology is fundamen-
tally different from both center-loaded and port-loaded config-
urations [21-24].

To guide the practical filter implementation in Fig. 10 and
based on the flowchart given in Fig. 11, the following procedure
can be obtained:

1. Determine the fractional bandwidth (FBW), center fre-
quency (fo), and filter order (n) of the proposed filter.

2. Based on Equations (5)—(10) and Figs. 9-10, adjust the
even-mode impedance (Z,), odd-mode impedance (Z,),
and source impedance (Z) to satisfy the aforementioned
specifications.

3. Employ the Linecalc tool in Keysight advanced design
system (ADS) to calculate the corresponding physical di-
mensions based on the selected substrate parameters, fol-
lowed by fine-tuning to optimize performance.

3. RESULTS AND DISCUSSION

In this design, the center frequency is determined to be 3 GHz,
and the substrate employed was Rogers 4003c (loss tangent of
0.0027, dielectric constant of 3.55, and thickness of 0.508 mm).
Consequently, based on the preceding analysis and design, the
modified structure of the developed bandpass filter has been
laid out and fabricated as depicted in Fig. 12.

The simulated and measured S-parameters for the original
structure of the developed bandpass filter are plotted in Fig. 13.
The operating passband width of the developed bandpass fil-
ter is 0.75 GHz, which corresponds to 25% in fraction. Owing
to the fabrication errors, the out-of-band rejection at the high-
frequency end of the filter exhibited slight deviations from the
simulated results, thereby affecting the selectivity of the filter
to a certain extent.

A comparison between the simulated and tested results for
the modified structure of the developed bandpass filter is illus-
trated in Fig. 14. Similar to the original structure, the out-of-
band rejection at the high-frequency end of this filter also exhib-
ited some discrepancies from the simulated results. However,
these differences have almost no impact on the passband selec-
tivity of the filter. As shown in this figure, the operating band-
width of the filter is approximately 600 MHz, corresponding to
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TABLE 1. Comparison with previously reported structures.

Insertion Filter Transmission AS** Size
Ref. fo CZ* Technology
Loss, dB Order Zeros dB/GHz Ag X Ag
(4] 5.4 1.2 4 4 NO 90/80 MSL 0.5 x0.35
[5] 7.35 0.5 14 4 NO 104/518 HTS 0.45 x 0.4
[6] 2.5 0.8 7 4 NO 160/200 MSL 1 x 0.165
7] 3 2 5 6 NO 99/89 RDW 0.87 x 0.63
[13] 28 2 3 4 YES 114/105 SIW 0.98 x 0.97
[14] 3.74 0.76 5 4 NO 74/65 MSL 1.6 x 0.55
This work 3 0.7 3 6 YES 213/106 MSL 0.5 x 0.25
* CZ is short for Controllable zeros.
** AS is short for Attenuation slope.
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FIGURE 12. Layout and photograph of the modified structure of the
developed bandpass filter. (L1 = 32mm, L, = 16 mm, L3 = 16 mm,
Ly = 16mm, Wy = 1.1mm, W; = 0.2mm, W, = 0.1mm, d =
0.2 mm).

a relative bandwidth of 20%. The measured lower band edge
attenuation slope was 213 dB/GHz, and the upper band edge at-
tenuation slope was 106 dB/GHz, which indicates that the de-
signed filter possesses superior passband selectivity. In addi-
tion, two additional transmission zeros are generated at 1 GHz
and 4.8 GHz, respectively, with suppression depths exceeding
30dB. The consistency between the full-wave simulation and
theoretical predictions validates the practical feasibility of the
proposed structure, confirming that the observed discrepancies
are attributable to the inherent differences between ideal circuit
models and electromagnetic reality.

Although better out-of-band suppression could be achieved
by cascading multi-stage filters, the original design objective
was to realize high selectivity with controllable transmission
zeros using the minimum number of stages, and the attenua-
tion level exceeding 10 dB across the entire operating frequency
band is still regarded as acceptable for many practical applica-
tions.

In order to clearly demonstrate the performance advantages
of the bandpass filter proposed in this study, Table 1 provides
a comparison of the key metrics of the proposed microstrip
line (MSL) bandpass filters with those of previously reported
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FIGURE 13. Simulated and measured results of the original structure
of the developed high-selectivity bandpass filter.
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FIGURE 14. Simulated and measured results of the modified structure
of the developed high-selectivity bandpass filter.

state-of-the-art counterparts characterized by different orders
and various transmission line types, including ridged dielectric
waveguide (RDW), substrate integrated waveguide (SIW), and
high-temperature superconducting (HTS) microstrip lines.

As shown in Table 1, compared with previously reported
high-selectivity bandpass filters realized on diverse transmis-
sion lines, the developed filter, implemented in a single-layer
substrate, achieves superior passband selectivity and flexible
transmission zero control with the same or even fewer resonator
stages than conventional higher-order designs, while demon-
strating that satisfactory selectivity and independently tunable
transmission zeros can be realized without relying on high-Q
resonators or complex cross-coupling schemes.
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4. CONCLUSION

In this study, a series of high-selectivity bandpass filters based
on parallel-coupled microstrip lines was proposed. By incorpo-
rating additional parallel-coupled microstrip lines and quarter-
wavelength transmission lines, the developed filters achieved
enhanced selectivity by introducing multiple transmission ze-
ros. In particular, the attenuation slopes are measured to be
213 dB/GHz at the lower band edge and 106 dB/GHz at the up-
per band edge, respectively. Closed-form expressions for the
resonant frequencies have been derived, enabling practical im-
plementation and frequency adjustment.
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