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ABSTRACT The article presents the design of a compact narrowband microstrip cross-coupled bandpass
filter with improved selectivity and a wide stopband. The proposed fourth-order quasi-elliptic filter is
designed at 2.5 GHz with a fractional bandwidth of 4% suitable for WLAN applications. At first, doubly-
folded half-wavelength hairpin lines have been arranged symmetrically in a cross-coupled configuration
combining the electric, magnetic, and mixed-coupling. Accordingly, a size reduction of 17% over the folded
inline hairpin-line filter with the same specifications has been achieved. Moreover, the selectivity has been
improved greatly by the introduction of two deep transmission zeros with an attenuation level of 48 dB at
the edges of the passband. However, the presence of the spurious harmonics with an attenuation level of
10 dB limits the performance of the filter related to the stopband rejection. As a remedy, conventional and
meander spurlines have been incorporated in each hybrid coupled section of adjacent cross-coupled cells for
achieving the modal phase velocity compensation. Accordingly, an extended stopband with a rejection level
of 38 dB up to 4f0 has been recorded by using a meander spurline and an overall size reduction of 33% has
been achieved.

INDEX TERMS Bandpass filter, high selectivity, harmonics suppression, spurline, wide stopband.

I. INTRODUCTION
In recent days Internet-of-things (IoT) provides the platform
to allow big data transfer and communication between people
and things worldwide. It supports the wireless local area net-
work (WLAN) (IEEE 802.11/a/b/g/n) for 4G and 5G mobile
communications. Narrowband bandpass filters are playing
an important role in the transmitter and receiver module of
IoT systems. However, with the continuous advancements
in the modern IoT-based wireless communications systems,
various functionalities are to be included and the size of the
components is to be reduced accordingly. Hence, the demands
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for bandpass filters with compact size, narrowband, high
selectivity, and wide stopband are increasing day by day for
IoT applications. In this respect, microstrip parallel-coupled
line and hairpin-line bandpass filters are good choices due
to their ease of design and integration with other blocks [1].
However, the sizes of these two filters are pretty large,
restricting their applications in IoT systems. Accordingly,
the cross-coupled bandpass filters have been proposed by
different researchers for the last decades due to their compact
structures over the other two topologies. In the cross-coupled
configuration electric, magnetic, and hybrid couplings are
combined in a single structure akin to the only hybrid
coupling for other topologies. As a result, the skirt selectivity
of the filter has been improved greatly due to the placement
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of two sharp transmission zeros with a large attenuation level
(greater than 30 dB) at the passband edges [2]–[8].

In this context, a compact-sized (0.29λg × 0.14λg, λg
is the guided wavelength at the center frequency) cross-
coupled filter with an improved roll-off rate of 197.70 for
the lower passband edge and 180.04 for the upper passband
edge has been designed in [4] incorporating the 2nd iteration
Minkowski fractals based defected ground structure (DGS)
open-loop resonators. However, both the design and fabri-
cation complexities have been increased for higher iteration
order of fractals.

Later, in [5] a two-fold tunable cross-coupled open-loop
resonator bandpass filter has been proposed. The center
frequency of the proposed filter ranges from 1.5 GHz to
1.75 GHz, with a constant bandwidth of 100 MHz. The
selectivity of the filter has been improved by placing two
transmission zeros at the passband edges and the bandwidth
has been tuned between 70 MHz and 180 MHz at a fixed
center frequency of 1.625 GHz by using thin-film barium
strontium titanate (BST) varactors. However, additional care
is required for soldering the varactor diodes on the microstrip
laminate. In this context, a compact-sized (0.34λg × 0.12λg)
four-pole wideband bandpass filter centered at 3.35 GHz has
been proposed in [6] by providing combined electric and
magnetic coupling for two dual-mode stub-loaded stepped-
impedance resonators (SLSIRs).Very recently, a compact
four-pole cross-coupled filter centered at 2.5 GHz has
been designed in [7] by folding the conventional open-loop
resonator. However, most of the works proposed in [2]–[7]
have mainly focused on two factors: improvement of the
skirt selectivity and the reduction of the filter’s size. Thus,
their applications are limited and are unsuitable for those
applications where the harmonics create problems such as
mixers, frequency synthesizers, etc.

The primary reason for the generation of harmonics is
the inhomogeneous microstrip structure supporting quasi-
TEM mode. As a result, the odd-mode of the EM wave
propagates faster than the even-mode. Such imbalances of
phase velocities have been compensated by incorporating
different slow-wave structures in the cross-coupled filters.
In [8], a size reduction of 44% has been achieved over the
conventional bandpass filter by placing open-ended stubs
at appropriate locations inside the open-loop cross-coupled
resonators. A wide stopband of 3.2f0 with a rejection level
of 26 dB has been obtained. Subsequently, a quasi-elliptic
function cross-coupled filter has been designed in [9] with the
folded stepped-impedance open-loop resonators. As a result,
compact size of 0.21λg × 0.20λg and a wide stopband up to
3f0 with a rejection level of 34 dB have been reported. As an
alternative, a third-order quasi-elliptic function cross-coupled
filter with a stopband rejection of 40 dB up to 2.44f0 has been
proposed in [10]. The size of the filter is 0.21λg × 0.20λg.
However, the stopband bandwidths are restricted to only
3.2f0 or less for the filters proposed in [8]–[10]. Accordingly,
the stopband bandwidth has been extended up to 4.95f0 by
utilizing the folded stepped-impedance microstrip lines with

open stubs for a compact-sized (0.24λg × 0.35λg) cross-
coupled filter in [11]. However, the stopband rejection level
has been recorded as only 24.5 dB for this work.

Very recently, a compact cross-coupled filter with a
coupled line-stub cascaded structure has been proposed
in [12]. The circuit area is 0.39λg × 0.36λg and the stopband
rejection level has been recorded as 28.9 dB up to 2.3f0.
In [8]–[12] different folded open-loop resonator structures
with open-ended stubs and stepped-impedance resonators
have been employed to obtain a high degree of roll-off rate,
compact size, and extended stopband with improved rejection
level. All these structures require critical optimization of the
length of the stubs and SIRs as proper high-to-low impedance
ratio influences the harmonics suppression performance of
such filters. As an alternative approach, slow-wave spurlines
have been investigated in [13]–[15] along with SIRs. In [13]
a wide stopband up to 3f0 with a suppression level of
30 dB and size reduction of 96% (size of 0.39λg ×
0.36λg) over the conventional open-loop cross-coupled filter
has been reported by selectively adjusting the dimensions
of the spurline. Subsequently, short-stub-loaded dual-mode
resonator (SSL-DMR) and stepped-impedance spurline res-
onators (SISLRs) have been adopted in [14] to design a
compact-sized (0.16λg × 0.75λg) filter. In [15], source-
load-coupled spurlines have been embedded with SIRs to
achieve an overall size of 0.129λ2g for the cross-coupled
filter. For both the filters of [14], [15] stopband rejection
bandwidth of 4f0 and the rejection level of 20 dB have been
reported. However, there is a compromise between stopband
rejection bandwidth and rejection level in [13]–[15]. Very
recently, double-fold uniform impedance hairpin resonators
have been placed in a cross-coupled configuration to design
a compact filter (size of 0.22λg×0.25λg) [16]. Subsequently,
conventional spurlines with optimum dimensions have been
incorporated to achieve the stopband bandwidth up to 3.16f0
and a rejection level of 35 dB.

In the present article, conventional spurlines of [16] have
been modified by meander spurline to provide a higher
degree of slow-wave effect for the signal and to achieve more
phase velocity compensation for the same filter structure with
the same specifications. The effectiveness of the meander
spurline over the conventional spurline has been justified by
the equivalent lumped elements analysis and two prototype
filters with two different spurlines have been fabricated on
FR4 substrate material having dielectric constant εr = 4.4,
thickness h = 1.6 mm, and loss tangent tan δ = 0.02. As an
experimental result, an extended stopband up to 4.3f0 with a
rejection level of 41 dB has been achieved for the meander
spurline-based filter.

II. DESIGN OF FOLDED CROSS-COUPLED FILTER
Quasi-elliptic filters generate one pair of transmission zeros
at the edges of the passband, increasing the skirt selectivity
to a high degree akin to the Chebyshev and elliptic filters.
Typical cross-coupled filters require four open-loop quarter-
wavelength resonators placed in electric, magnetic, and
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TABLE 1. Specifications of the filter.

FIGURE 1. Variation of the coupling-coefficient vs. coupling gap for a pair
of folded hairpin-line cells in different coupling configurations.

mixed-coupling configurations. However, the order of the
filters is determined by the design specifications of the cross-
coupled filters. But, the size of the filter will increase as the
order increases, limiting its integration with other blocks of
the transmitter and receiver in the wireless communication
systems. The specifications of the quasi-elliptic type cross-
coupled bandpass filter proposed in this work applicable for
WLAN (IEEE 802.b) systems are listed in Table 1 [17].

The elements of the prototype low-pass filter with
passband ripple of 0.1 dB has been obtained from [1] as
g1 = 0.95974, g2 = 1.42192, J14 = −0.21083 and
J23 = 1.11769. Accordingly, the external quality factors
have been calculated as Qe1 = Qe4 = 19.1948 from (1)
and the coupling coefficients between the adjacent coupled
lines have been computed as M1,2 = M3,4 = 0.0428,
M2,3 = 0.0393, M1,4 = −0.0277 from (2) - (4). From
the design curve highlighted in Fig. 1 the initial values of
the coupling gaps for the pair of adjacent cells have been
determined as S12 = S34 = 0.56 mm, S23 = 0.28 mm, and
S14 = 0.8 mm. Finally, the dimensions of the cross-coupled
filter have been obtained optimally by performing the EM
simulation in IE3D. Fig. 2 depicts the layout of the fourth-
order cross-coupled filter. The size of the filter is 291.04 mm2

i.e., 0.22λg × 0.28λg where λg is the guided wavelength
at the center frequency f0 = 2.5 GHz. Fig. 3 highlights
the simulated S-parameters plots of the cross-coupled

FIGURE 2. Layout of the fourth-order quasi-elliptic folded cross-coupled
bandpass filter. All dimensions are in mm.

FIGURE 3. S-parameters plots of fourth-order cross-coupled filter.

bandpass filter.

Qei = Qeo =
g1

FBW
(1)

Mi,i+1 = Mn−i,n−i+1 =
FBW
√
gigi+1

(2)

Mm,m+1 =
FBW .Jm
gm

(3)

Mm−1,m+2 =
FBW .Jm−1
gm−1

(4)

It has been noticed that two sharp transmission zeros
occurred at 2.33 GHz (fz1) and 2.74 GHz (fz2) with the
attenuation levels of 47 dB and 51 dB respectively. The
reason behind such behavior is due to the combinations of
electric, magnetic and mixed coupling in the cross-coupled
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FIGURE 4. Calculation of shape factor and skirt selectivity factor.

structure. The insertion loss and the return loss have been
obtained as 0.95 dB and 25 dB respectively. The skirt
characteristics of the filter have been characterized by the
following parameters: shape factor (SF) (dimensionless), roll-
off slope factors (ROSFs) (dB/GHz), and transmission zero
selectivity factor (TZSF) (dimensionless) as highlighted in
Fig. 4. SF is the ratio of the 30 dB rejection bandwidth
(fr2-fr1) to the 3 dB bandwidth (fp2-fp1) [1].ROSFs are defined
as the slope θ1 for the lower passband (27 dB/ (fr2-fp2) GHz)
and θ2 for the upper passband (27 dB/ (fp1-fr1) GHz).
Finally, TZSF is the ratio of the center frequency f0 to

the difference between the transmission zero frequencies at
the passband edges i.e., TZSF = f0/(fz2-fz1). These values
have been calculated from Fig. 4 as SF = 2.5, ROSF =
245.45 dB/GHz (for both lower and upper passband edges),
TZSF = 6.1. It can be concluded that the value of SF is
slightly higher than unity (ideal value), the passband response
is quite symmetrical about f0 as the ROSF values for both the
lower and upper passband are same and the higher value of
TZSF indicates the narrow bandwidth of the filter.

Although the passband response of the designed filter is
quite satisfactory, however, two additional transmission zeros
2fz and 3fz have been occurred at 4.7 GHz and at 5.5 GHzwith
the attenuation levels of 47 dB and 24 dB respectively. The
attenuation levels at 2f0 and 3f0 are less than 10 dB which
restricts the proposed filter’s applications in the WLAN
system with respect to harmonics rejection performance.
By following the conventional transmission line theory of
microstrip line [1], the equivalent lumped elements circuit
diagram of the fourth-order cross-coupled bandpass filter has
been obtained in Fig. 5. The values of the lumped elements
have been computed as L1 = 2.426 nH, L2 = 3.011 nH,
L3 = L6 = 1.169 nH, L4 = L5 = 3.685 nH, Cp1 = Cp2 =

0.167 pF, Cp3 = Cp8 = 0.287 pF, Cp4 = Cp5 = 0.083 pF,
Cp6 = Cp7 = 0.275 pF, Cg1 = Cg2 = Cg3 = 0.015 pF,
C14 = 0.015 pF, C12 = C34 = 0.035 pF, C23 = 0.238
pF. The comparison of EM and circuit simulated |S21| (dB)

plot has been explored in Fig. 6. It has been observed that
the plots are closely matched in the passband with the center
frequency f0. However, other harmonics’ locations have
not been matched perfectly. Moreover, eight transmission
zeros have been occurred from 1.0 GHz and 12 GHz in
circuit simulation and the corresponding attenuation levels
are more than those for EM simulation. Such mismatches
have been occurred due to the differences in the simulation
platforms such as assumption of zero conductor loss and
zero loss tangent (tan δ) for the substrate material in circuit
simulation.

Another reason is the large propagation delays that
occurred due to a large number of lumped elements connected
in the final circuit. The entire simulation has been carried
out with 50 Ohm feed port characteristic impedances.
From the surface current vectors plots of Fig. 7(a)-(b),
it has been observed that the density vectors have been
propagated with a high degree of strength at f0 = 2.5 GHz
due to the passband and slightly less strength at 2f0 =
5.0 GHz due to the presence of the second harmonic.
From the literature study of microstrip cross-coupled filters,
it has been revealed that spurious harmonics are generated
exclusively due to the even- and odd-mode phase velocities
imbalance of the EM wave. Thus, different nonuniform
perturbations have been incorporated by the researchers
in the coupled region between the adjacent arms of the
lines. In this context, spurline is one of the most attractive
microstrip defects that effectively suppress the harmonics
for parallel-coupled line filters [14], [15] and hairpin-line
filters [18]–[20]. Hence, the next objective of the present
work has been set to suppress the harmonic attenuation
level below 35 dB while keeping the satisfactory passband
response.

III. HARMONICS SUPPRESSION BY L-SPURLINE
In general, spurline is a microstrip defect created by etching
one defected slot of L shaped in the microstrip line [18].
As shown in Fig. 8, a spurline is the combination of a pair of
asymmetrical coupled lines connected at one end, and another
end of the shorter line is etched away by a small gap g.
In this way, the resonance property of the mainline has been
changed by changing its inductive and capacitive properties.
In general, the inductance of the line has been controlled by
the length of the slot and the gap between the two coupled
lines of the spurline will control the capacitance of the line.
Thus, by properly adjusting the length of the spurline lsp
and the value of g, the resonant frequency of the bandstop
response of the structure can be tuned properly with a large
attenuation level. The spurline is characterized by its non-
dispersive virtual behavior dominated by the odd-mode of the
EMwave propagation. The physical length of the spurline has
been determined by Bates as (5)-(6) [21]. In (5) c is the speed
of light, εeffo is the odd-mode effective dielectric constant,
Zoo is the odd-mode characteristic impedance, Cend is the
open-end parasitic capacitance at resonance due to the gap
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FIGURE 5. Equivalent lumped elements circuit diagram of the fourth-order cross-coupled bandpass filter.

FIGURE 6. Comparison of EM and circuit simulated |S21| (dB) plot of the
fourth-order cross-coupled bandpass filter.

g and 1l is the open-end length correction.

lsp =
c

4f0
√
εeffo
−1l (5)

1l =
CendZooc
√
εeffo

(6)

Due to the microstrip slot, the odd-mode of the signal will
propagate with lower phase velocity and the even-mode
will propagate almost unaltered, resulting in phase velocity

compensation. By following the typical transmission line
theory [1] the equivalent circuit of the spurline has been
obtained as shown in Fig. 9 [21].

R = 2Z0(1/|S21| − 1)|f=f0 (7)

C =

√
0.5(R+ 2Z0)2 − 4Z2

0

2.83πZ0R1f
(8)

L =
1

4(π f0)2C
(9)

In the equivalent circuit of the spurline, R is the equivalent
resistance caused by the radiation effect and conductor loss.
L is the equivalent inductance of the spurline and C is the
equivalent capacitance due to the coupling gap between the
coupled lines and the open-end. The circuit parameters can
be computed by equations (7)-(9) [20] as L = 0.410 nH,
C = 1.929 pF, R = 3.125 k� by obtaining the value of |S21|
as 44 dB from the resonant characteristics as highlighted in
Fig. 10 for a quarter-wavelength resonator with L-spurline
tuned at 2.5 GHz. It has been noticed from Fig. 10 that the
EM simulated and the circuit simulated plots are in close
agreement with each other. Fig. 11 illustrates the surface
current distribution for a quarter-wavelength line with an
L-spurline tuned at 2.5 GHz. It has been revealed that the
current vectors are propagating through the upper and lower
coupled lines in the opposite direction and vanish at the open-
end. Accordingly, the study of the proposed cross-coupled
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FIGURE 7. Distribution of surface current vectors for the fourth-order
cross-coupled filter at (a) f0 = 2.5 GHz, and (b) 2f0 = 5.0 GHz.

FIGURE 8. (a) Layout of the L-shaped spurline, (b) transmission line
structure.

filter (Fig. 2) with spurlines has been investigated in the next
section.

IV. FOURTH-ORDER CROSS-COUPLED FILTER WITH
L-SPURLINE
The layout of the fourth-order cross-coupled filter with an
L-shaped spurline is depicted in Fig. 12. The spurlines
have been incorporated in the hybrid coupling region as
highlighted by red dashed lines. The spurline length ratio α

FIGURE 9. Equivalent lumped elements circuit diagram of spurline.

FIGURE 10. Resonant characteristics of L-shaped spurline.

FIGURE 11. Distribution of surface current vectors L-spurline based
quarter-wavelength line.

has been defined as α = lsp/l, where l is the length of the
coupled line. Accordingly, the effects of different values of
α on the even- and odd-mode resonant frequencies fe and fo
have been exhibited in Fig. 13. For this study, the dimensions
of the cells have been considered the same in Fig. 2 and
the dimensions of the spurline have been considered as g =
0.3 mm, and the value of lsp has been varied incrementally.
It has been revealed from Fig. 13 that fo shifts more

to lower frequency compared to fe with the incremental
value of α. Accordingly, the values of the modal resonant
bandwidths have been obtained as 1f = fe-fo = 0.29
GHz for α = 0 and 1fs = fes-fos = 0.17 GHz for
α = 1. Thus, the modal resonant bandwidth has been reduced
by 41.4% with spurline. This clearly justifies the ability of
spurlines to achieve the modal phase velocity compensation,
resulting in the suppression of harmonics. The investigations
have been carried out further in Fig. 14(a)-(c) by varying
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FIGURE 12. General layout of the fourth-order folded cross-coupled
bandpass filter with L-shaped spurline.

FIGURE 13. Passband characteristics of |S21| (dB) for a pair of folded
cells in hybrid coupling configuration with L-spurline.

different coupling gaps S12 (mixed coupling), S23 (magnetic
coupling), and S14 (electric coupling) respectively for the
cross-coupled filter. For the entire study, one coupling gap
has been varied keeping the dimensions of the other gaps
unaltered as shown in Fig. 2. It has been revealed from
Fig. 14(a) that the attenuation levels at fz1 and fz2 have been
incremented; the insertion loss at f0 has been incremented and
the passband bandwidth has become narrower gradually with
the incremental values of the coupling gap S12. This indicates
that as per the coupling scheme of the cross-coupled filter
(1-2-3-4), the first coupling of the signal has occurred
between the first and the second folded cells and it
deteriorates with the increase of the coupling gap S12. Thus,
the value of S12 should be kept moderate for better response.
The same phenomenon has happened in Fig. 14(b) for the
increment of S23. However, the increment of the insertion
loss is more for the case of S23 than that for S12 due to the
magnetic coupling. Thus, the value of S23 should be kept
less for a better response. Accordingly, from Fig. 14(c) it has

FIGURE 14. Passband variations for the folded cross-coupled filter with
L-spurline for different coupling gaps variations: (a) s12 = s34, (b) s23,
and (c) s14.

been observed that a large value of S14 exhibits very sharp
upper transmission zeroes deep with a large attenuation level.
Moreover, there has been an insignificant variation in the
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FIGURE 15. Variation of coupling-coefficient vs. coupling gap for a pair of
folded cells with L-shaped spurline in different coupling configurations.

FIGURE 16. Layout of the fourth-order folded cross-coupled bandpass
filter with L-shaped spurline. All dimensions are in mm.

insertion loss and the bandwidth due to the incremental values
of S14 due to the electric coupling.

Fig. 15 illustrates the variation of the coupling coefficient
vs. coupling gap for the cross-coupled filter with L-spurline.
All the initial values of coupling gaps have been obtained
from Fig. 15.

The final layout of the cross-coupled filter with optimized
dimensions is shown in Fig. 16. The size of the filter is 279.65
mm2 i.e., 0.22λg×0.27λg. The wideband frequency response
plots of |S21| and |S11| have been illustrated in Fig. 17(a)-(b)
respectively. It has been observed from Fig. 17(a) that two
sharp transmission zeros have occurred at 2.12 GHz and
2.72 GHz with attenuation levels of 47 dB and 53 dB
respectively. Moreover, a wide stopband bandwidth up to
3.16f0 with a rejection level of 35 dB has been obtained.
Accordingly, the attenuation levels of the harmonics for the
cross-coupled filter without spurline have been suppressed
by 25 dB. The passband insertion loss becomes limited to
1.1 dB and return loss becomes more than 18 dB. The
passband return loss has been obtained as more than 20 dB

FIGURE 17. S-parameters plots of a fourth-order cross-coupled filter with
L-spurline: (a) |S21| (dB), and (b) |S11| (dB) plots.

FIGURE 18. Calculation of shape factor and skirt selectivity factor for the
cross-coupled filter with L-spurline.

as exhibited in Fig. 17(b). The values of SF, ROSF, and
TZSF have been calculated from the passband response of
Fig. 18 as SF = 2.57, ROSF = 135 dB/GHz for the
lower passband edge, and 225 dB/GHz upper passband edge,
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FIGURE 19. Distribution of surface current vectors for the fourth-order
cross-coupled filter with L-spurline at (a) f0 = 2.5 GHz, and
(b) 2f0 = 5.0 GHz.

and TZSF = 4.17. It can be concluded that the frequency
parameters’ values with spurline have been improved over
those without spurline, justifying the effectiveness of the
spurline with respect to both the passband and the stopband.
The surface current vectors distribution plots are highlighted
in Fig. 19(a)-(b) at f0 = 2.5 GHz and 2f0 = 5.0 GHz
respectively. It has been observed that the surface current
vectors have been propagated with large strength at 2.5 GHz
due to the passband response. However, the strength of the
current vectors has been diminished at 5.0 GHz at the output
port due to the suppression of the harmonics’ attenuation
levels. By introducing the equivalent lumped elements circuit
of spurline as shown in Fig. 9 into the cross-coupled filter of
Fig. 5 between the coupled regions of two adjacent folded
cells, the equivalent lumped elements circuit diagram of
the cross-coupled filter with L-spurline has been obtained
in Fig. 21. The values of the lumped elements have been
computed as L1 = 2.226 nH, L2 = 2.871 nH, L3 = L6 =
1.145 nH, L4 = L5 = 3.265 nH, Cp1 = Cp2 = 0.142 pF,
Cp3 = Cp8 = 0.287 pF, Cp4 = Cp5 = 0.062 pF, Cp6 =

Cp7 = 0.255 pF, Cg1 = Cg2 = Cg3 = 0.012 pF, C14 =

0.012 pF, C12 = C34 = 0.031 pF, C23 = 0.218 pF. The
values of the spurline lumped elements have been computed
as L = 1.53 nH, C = 1.762 pF, R = 4.235 k�.

FIGURE 20. Comparison of EM and circuit simulated |S21| (dB) plot for
the fourth-order cross-coupled filter with L-spurline.

The comparison between the EM and circuit simulated
|S21| (dB) plots have been explored in Fig. 20. It has been
observed that passbands are matched closely as Fig. 6.
Moreover, twelve transmission zeros have occurred from
1.0 GHz to 12 GHz. It has been further revealed that the
passband bandwidth of the filter has been reduced and the
attenuation levels at the harmonics 2f0 and 3f0 have been
suppressed due to the introduction of the spurline compared
to that for the filter without spurline as highlighted in Fig. 6.
This justifies the ability of the L-spurline in the suppression
of harmonics. In the next section, the L-shaped spurline has
been modified by a meander spurline [22] to provide slower
wave effects for the odd-mode of EM wave and to achieve
more suppression level of the harmonics along with a wider
stopband.

V. HARMONICS SUPPRESSION BY MEANDER SPURLINE
From the previous section, it has been observed that the
stopband attenuation level of the fourth-order cross-coupled
filter has been limited to 35 dB and the stopband rejection
bandwidth has been restricted to 3.16f0. However, the attenu-
ation level increases gradually beyond 3.16f0 and becomes
more than −15 dB. Thus, the presence of higher-order
harmonics restricts the performance of the proposed filter for
modern days wireless communication systems suitable for
IoT. Accordingly, the next objective of the present work has
been decided to reduce the stopband attenuation level further
along with the extension of the stopband rejection bandwidth
beyond 3.16f0. For this purpose, L-spurline has been replaced
by meander spurline in which periodic slots with optimum
dimensions have been placed alternately along the length of
the coupled lines as highlighted in Fig. 22(a). The meander
spurline is characterized by the slot width wT, slot length lT,
slot gap g, periodicity p, and overall spurline length lsp.
With this new slow-wave structure the overall electrical

path of the odd-mode has been extended [18]. It causes
more slowdown of the signal while propagating through
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FIGURE 21. Equivalent lumped elements circuit diagram of the fourth-order cross-coupled bandpass filter with L-spurline.

FIGURE 22. (a) Layout of a quarter-wavelength line with meander
spurline, (b) equivalent lumped elements circuit diagram.

the central wiggle. However, the even-mode of the signal
has been affected very little by this structure. In this way,
a higher degree of modal phase velocity compensation has
been achieved for the meander spurline-based line akin to
the L-spurline-based line. Fig. 22(b) shows the equivalent
lumped elements circuit diagram of the meander spurline.
The lumped elements R′, C ′, and L ′ have been obtained by
following the same methodology as discussed in section 3 for
the L-spurline. To understand the effects of such slowdown
ability of the meander spurline, the comparison of the

FIGURE 23. Comparison of |S21| (dB) plots between L- spurline and
meander spurline based lines.

bandstop resonance characteristics of |S21| for the equivalent
lumped elements circuit diagrams of meander spurline based
and the L-spurline based quarter-wavelength lines has been
performed in Fig. 23. It has been revealed that the attenuation
levels at f0 and 2f0 have decreased more compared to
that for the L-spurline based line. Moreover, the passband
bandwidth decreases due to the enhanced slow-wave effects
and generation of additional capacitance couplings in the
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FIGURE 24. Distribution of surface current for a meander spurline based
quarter-wavelength line.

FIGURE 25. General layout of the fourth-order folded cross-coupled
bandpass filter with meander spurline.

central meander path. The surface current distribution for
a meander spurline-based quarter-wavelength line tuned at
2.5 GHz has been explored in Fig. 24. It has been observed
that the current vectors have been concentrated more along
the lower line segment and propagated towards the output
port.

Moreover, very few current vectors have traveled along
the upper line segment due to the open-end gap. This clearly
justifies the enhanced slow-wave nature of the meander
spurline over the L-spurline. Subsequently, such a meander
spurline has been incorporated in the folded cells of the
cross-coupled filter in place of the L-spurline as highlighted
in Fig. 25. From the passband characteristics as shown in
Fig. 26 for a pair of folded cells in a hybrid coupling
configuration, it has been observed that the bandwidth
between the even- and odd-mode resonant frequencies
gradually decreases with a higher rate as the number of
periodic slots N has been incremented.

This justifies the enhanced slow-wave nature of the
meander spurline over the L-shaped spurline. Accordingly,
the effects of the variations of different coupling gaps for
the cross-coupled filter with a meander spurline have been
exhibited in Fig. 27(a)-(c).

For the incremental values of S12 in mm (mixed-coupling)
the insertion loss increases and the attenuation level at fz1

FIGURE 26. Passband characteristics of |S21| (dB) for a pair of folded
cells in hybrid coupling configuration with meander spurline.

and fz2 have been incremented along with a reduction in
passband bandwidth. The same phenomenon has taken place
for the increment of S23 values in mm (magnetic coupling).
However, for the incremental values of S12 (mm) (electric
coupling), the reverse phenomenon has occurred i.e., the
attenuation levels at fz1 and fz2 have been decremented
along with the extension of the bandwidth. Thus, the
values of S12 and S23 should be considered small, whereas
the value of S14 should be considered large enough to
achieve satisfactory passband performance for the cross-
coupled bandpass filter Accordingly, the initial values of
these coupling gaps have been determined from the design
curves of coupling coefficients vs. coupling gaps as shown
in Fig. 28. The final layout of the cross-coupled filter with
optimized dimensions has been depicted in Fig. 29. The
overall size of the filter is 270.6 mm2 i.e., 0.22λg × 0.26λg.
Accordingly, the comparisons of the simulated S-parameters
plot for the fourth-order cross-coupled filters without
spurline and with meander spurline have been performed in
Fig. 30(a)-(b). From Fig. 30(a), it has been observed that two
sharp transmission zeros fz1 and fz2 have occurred at 2.3 GHz
and 2.7 GHz with the attenuation levels of 38 dB and 55 dB
respectively. The passband insertion loss becomes 1.04 dB.
Moreover, a wide stopband with a rejection level of 34 dB up
to 3.88f0 and 26 dB up to 4.8f0 has been obtained. Hence, the
harmonics’ attenuation levels have been suppressed by 24 dB
with the meander spurline over the filter without spurline.

From Fig. 30(b) it can be noticed that the passband
bandwidth becomes narrower with the return loss better
than 25 dB. The closure look of the passband response
has been highlighted in Fig. 31. From the plot the val-
ues of SF, ROSF, and TZSF have been calculated as
SF = 5.5, ROSF = 122.73 dB/GHz for the lower
passband edge and 192.86 dB/GHz upper passband edge and
TZSF = 4.8. It indicates that the skirt selectivity of the
filter has been improved over L-spurline-based filter. The
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FIGURE 27. Passband variations for the folded cross-coupled filter with
meander spurline for different coupling gaps variations: (a) s12 = s34,
(b) s23, and (c) s14.

distribution of the surface current vectors for the meander
spurline-based cross-coupled filter has been highlighted
in Fig. 32(a)-(b) at f0 = 2.5 GHz and 2f0 = 5.0 GHz

FIGURE 28. Variation of coupling-coefficient vs. coupling gap for a pair of
folded cells with mender spurline in different coupling configurations.

FIGURE 29. Layout of the fourth-order folded cross-coupled bandpass
filter with meander spurline. All dimensions are in mm.

respectively. It has been revealed from Fig. 32(a) that the
surface current vectors have been concentrated strongly
through the central meander wiggle and have reached the
output port with large strength at 2.5 GHz due to the passband
response. However, their distributions have been diminished
greatly at 5.0 GHz (Fig. 32(b)) due to the suppression of
the harmonics’ attenuation levels by the spurline. However,
their distributions have been diminished greatly at 5.0 GHz
due to the suppression of the harmonics’ attenuation levels
by the spurline. The lumped elements circuit diagram of
the cross-coupled filter with a meander spurline has been
depicted in Fig. 33. The values of the lumped elements have
been computed by following the conventional transmission
line theory [1]. The values are as L1 = 2.115 nH, L2 =
2.325 nH, L3 = L6 = 1.101 nH, L4 = L5 = 2.965 nH,
Cp1 = Cp2 = 0.121 pF, Cp3 = Cp8 = 0.262 pF,
Cp4 = Cp5 = 0.048 pF, Cp6 = Cp7 = 0.185 pF,
Cg1 = Cg2 = Cg3 = 0.01 pF, C14 = 0.008 pF,
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FIGURE 30. S-parameters plots of a fourth-order cross-coupled filter with
meander spurline: (a) |S21| (dB), and (b) |S11| (dB) plots.

C12 = C34 = 0.025 pF, C23 = 0.201 pF. The values of
the meander spurline lumped elements have been computed
as L ′ = 2.319 nH, C ′ = 1.738 pF, R′ = 3.448 k�
corresponding to the value of |S21| as 26 dB from Fig. 23.
The circuit simulated |S21| (dB) plot has been compared
with that of the EM simulated plot in Fig. 34. It has been
observed that passbands are matched closely as expected and
fourteen transmission zeros have been obtained from 1.0 GHz
to 12 GHz for the circuit simulation plot. Moreover, it has
been revealed that the attenuation level at 2f0 and 3f0 has been
suppressed greatly.

It has been also revealed from Fig. 34 that more
transmission zeros have occurred in the stopband than that
in Fig. 20 due to the enhanced slow-wave effects of meander
spurline over conventional L-spurline.

VI. EXPERIMENTAL RESULTS
In order to validate the performance of the proposed cross-
coupled filters with the spurline, two prototypes have

FIGURE 31. Calculation of shape factor and skirt selectivity factor for the
cross-coupled filter with meander spurline.

FIGURE 32. Distribution of surface current vectors for the fourth-order
cross-coupled filter with meander-spurline at (a) f0 = 2.5 GHz, and
(b) 2f0 = 5.0 GHz.

been fabricated on FR4 laminate with tin plating to avoid
abrasion due to environmental conditions and also to provide
ruggedness and protection as shown in Fig. 35(a)-(b).
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FIGURE 33. Equivalent lumped elements circuit diagram of the fourth-order cross-coupled bandpass filter with meander
spurline.

FIGURE 34. Circuit vs. EM simulated |S21| (dB) plot for the fourth-order
cross-coupled bandpass filter with meander spurline.

The testing of the prototypes has been carried out with the
N9928A vector network analyzer of Keysight Technologies
in a closed environment and the comparison of the measured
S-parameters plots with that of the simulated results has been
performed in Fig. 36(a)-(b) for L-spurline based filter and
Fig. 37(a)-(b) for meander spurline based filter respectively.
It has been observed from Fig. 36(a) that a wide stopband
of 35 dB up to 3.76f0 has been obtained and accordingly, the
harmonics’ attenuation levels have been suppressed by 25 dB.

Besides, the measured passband response has been
matched closely with an insertion loss of 1.2 dB. Moreover,

FIGURE 35. Fabricated prototypes of the fourth-order cross-coupled
bandpass filters with (a) L-spurline and (b) meander spurline.

multiple transmission zeros have been occurred in the stop-
band, indicating the improvement of the stopband rejection.
The return loss has been measured as 20 dB from Fig. 36(b).
Subsequently, from Fig. 37(a) it has been observed that the
skirt selectivity of the passband for the cross-coupled filter
with a meander spurline has been improved significantly
by the generation of the transmission zeros at the passband
edges with attenuation levels greater than 45 dB. Moreover,
a wide stopband of rejection level 38 dB up to 4f0 and
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TABLE 2. Comparison of similar works.

FIGURE 36. Comparison of simulated vs. measured S-parameters plots
for the fourth-order cross-coupled filter with L-spurline: (a) |S21| (dB) and
(b) |S11| (dB).

34 dB up to 4.8f0 have been obtained in measurement. For
this filter, multiple transmission zeros have generated in

FIGURE 37. Comparison of simulated vs. measured S-parameters plots
for the fourth-order cross-coupled filter with meander-spurline: (a) |S21|

(dB) and (b) |S11| (dB).

the stopband with attenuation levels greater than 50 dB on
average. It clearly justifies the ability of the meander spurline
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for improved harmonics suppression performance over the
L-spurline based filter.

Moreover, from Fig. 37(b), it can be noticed that the
return loss becomes more than 25 dB. It can be concluded
from the experimental results for both the filters that
the meander spurline-based filter exhibits better harmonics
suppression performance over the L-spurline-based filter.
Table 2 compares the experimental results of the present
work with other similar works. It has been revealed that the
proposed filters have exhibitedmore stopband rejection levels
compared to [8], [11]–[15] and more stopband bandwidth
over [8], [10], [12], and [13]. Moreover, the proposed filters
have occupied less circuit area over [11], [12], [14], [15],
[18], and [20]. The insertion loss becomes less than [13], [18],
[20] for the same FR4 substrate and the return loss becomes
greater than all the other works included in the table. It has
been further noted that more transmission zeros have been
generated for the proposed filters than [8], [10], [12–[15].

Thus, it can be concluded that the proposed filters exhibit
improvement with respect to the skirt selectivity, return
loss, stopband rejection level, stopband rejection bandwidth,
generation of more number of transmission zeros, and overall
circuit area in terms of guided wavelength λg centered at f0.

VII. CONCLUSION
The present paper illustrates the design of a fourth-order
cross-coupled bandpass filter with harmonics suppression
performance with spurline. First, the open-loop hairpin
resonators have been folded twice and then placed in a cross-
coupled configuration. Accordingly, the skirt selectivity of
the filter has been improved and the size of the filter has
been reduced by 17%. However, the attenuation levels of
the harmonics have become more than -10 dB. Later, the
coupled arms of the adjacent folded cell have been perturbed
by L-spurline with optimum dimensions and as a result,
the stopband rejection level of 35 dB up to 3.76f0 has
been obtained. In order to achieve more stopband rejection,
L-spurline has been modified by the meander spurline.
Meander spurline offers more slow-wave performance and
accordingly, a wide stopband with the suppression level of
38 dB up to 4f0 has been obtained. The size of the final
filter exhibits a size reduction of 33% over the conventional
open-loop resonator cross-coupled filter. The proposed filter
is suitable for modern IoT-based WLAN systems.
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