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Abstract
New multi-standard wide band filters with compact sizes are designed for wireless

communication devices. The proposed structures realize dual-wideband and quad-

wideband characteristics by using a new skew-symmetrical coupled pair of asym-

metric stepped impedance resonators, combined with other structures. The first and

second dual-wideband filters realize fractional bandwidths (FBW) of 43.2%/31.9%

at the central frequencies (CF) of 1.875/1.63 GHz, and second bandwidths

of 580 MHz/1.75 GHz at CF of 5.52/4.46 GHz, respectively. The proposed

quad-band filter realizes its first/second/third/fourth pass bands at CF 2.13/5.25/

7.685/9.31 GHz with FBW of 46.0%/11.4%/4.6% and 5.4%, respectively. The wide

pass bands are attributed to the mutual coupling of the modified ASIR resonators

and their bandwidths are controllable by tuning relative parameters while the wide

stop band performance is optimized by the novel interdigital cross coupled line

structure and parallel uncoupled microstrip line structure. Moreover, the quad band

is generated by introducing the novel defected rectangle structure. These multi-

standard filters are simulated, fabricated and measured, and measured results agree

well with both simulated results and theory predictions. The good in-band and out-

of-band performances, the miniaturized sizes and simple structures of the proposed

filters make them very promising for applications in future multi-standard wireless

communication.
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1 | INTRODUCTION

Ever-increasing demand for compact wireless transceivers
continues to impact the field of microwave and radio fre-
quency communication.1,2 One of the most important mod-
ules in such systems is the filter,3-22 and its performance
dominates the whole wireless communication system.

Compared to the traditional stepped impedance resonator
(SIR) with two step discontinuities, the asymmetric SIR has
only one discontinuity but retains the characteristic of con-
trollable spurious modes.

It has advantages of compact size, less loss, and versatil-
ity in design, particularly for high-order BPFs such as
dual band, triple band and quad band BPFs because of its
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inherently higher order resonant modes. It has recently been
used to construct high-performance BPFs,3-7 and in Refer-
ences 6,7, two-stage wide-stopband BPFs using asymmetric
SIRs have been proposed. The schemes of distributing spuri-
ous resonant frequencies of asymmetric SIR with wide stop
band performance are realized. Additionally, with fewer dis-
continuities, the asymmetric SIR can be easily folded and
coupled, and this results in a lower insertion loss and greater
size reduction.

On the other hand, with the current increasingly stringent
limitations on frequency spectrum resources and the devel-
opment of advanced multi-standard wireless communication
systems, multi-standard internal filters have become a neces-
sity for state-of-the-art multifunction “smart phones” and
wireless transceivers for mobile devices. Such filters are
generally required to be capable of covering the frequency
bands of the Global Positioning System (GPS: band centered
at 1.57 GHz), the Global System for Mobile Communication
(GSM: 1800/1900 MHz etc.) and the Universal Mobile Tele-
communications System (UMTS: 1710-1880/1850-1990/
1920-2170 MHz etc.). Moreover the ever expanding imple-
mentation of the Wireless Local Area Network (WLAN)
adds the requirement of a band centered at 2.4 GHz and/or
5.2 GHz. Many dual band filters have recently been
designed to satisfy such demanding requirements. However,
many of these that are also miniaturized fail to fully cover
all the required bands, especially at the lower frequencies
due to the narrower dual bandwidth,3-5,9,16 or their size or
thickness makes them difficult to integrate within mobile
devices or portable wireless modules.7,12,13,15

In this article, we propose novel multi-standard asymmet-
ric SIR filters including both dual-wideband filters with wide
stopbands and a quad-wideband filter. These filters are capa-
ble of generating two and four wide operating bands that
effectively cover the GPS/GSM/UMTS/IEEE802.11a appli-
cation in mobile devices, including GPS (1.75 GHz),
GSM1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz),
UMTS (1920-2170 MHz), and IEEE 802.11a (5 GHz)
bands. Meanwhile, in-band and out-of-band performance of
the proposed filters is further enhanced by novel structures.
To the best of authors' knowledge, these structures realize
for the first time dual wideband and wide stop band resulting
from the restriction of high order harmonic frequencies at
the same time in dual wideband8,10,11,13-15 and asymmetric
SIR filters.3-7 Moreover, the proposed structures use the
capacitive coupling of only two miniaturized resonators to
realize dual-wideband and quad-wideband responses without
such extra structures such as via holes or defected ground
planes, and so are unique among dual-wideband and quad-
wideband filters.10-13,15 The filters are simulated and opti-
mized using CST microwave studio software.23

2 | RESONANCE
CHARACTERISTICS OF THE
ASYMMETRIC SIR UNIT AND THE
SKEW-SYMMETRICAL
ASYMMETRIC SIR COUPLED PAIR

2.1 | Characteristic of the asymmetric
SIR unit

The asymmetric SIR shown in Figure 1, adopted from Refer-
ence 4, consists of sections with low and high characteristic
impedances Z1 and Z2. The physical lengths L1 and L2, phys-
ical widths W1 and W2, and electrical lengths θ1 and θ2 are
shown for the two sections with Z1 and Z2, respectively. The
characteristic impedance ratio K and the length ratio α are
defined as follows:

K =
Z2

Z1
ð1Þ

α=
θ2

θ1 + θ2
ð2Þ

where α is located in the range of (0, 1).
The input admittance Yin of the proposed asymmetric SIR

unit is derived as:

Y in =
j
Z2

K tanθ1 + tanθ2
1−K tanθ1 tanθ2

ð3Þ

It is known that resonance of the proposed asymmetric
SIR occurs when Yin = 0. Based on Equation (3), this reso-
nance happens when

K tanθ1 + tanθ2
1−K tanθ1 tanθ2

= 0 ð4Þ

From the solution of Equation (4), the first and second
spurious frequencies fs1 and fs2 are plotted in Figure 2, nor-
malized by the fundamental frequency against α with differ-
ent values of K. When α is more than 0.5, the normalized

FIGURE 1 Structure of an asymmetric SIR4
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frequency fs1/f0 is greater than 2 and fs2/f0 is greater than
3, respectively. Also smaller K can result in greater normal-
ized frequency when α is fixed. When α is greater than 0.5,
the normalized frequency fs1/f0 is less than 2 and fs2/f0 is less
than 3. Smaller K can result in lower normalized frequency
for a fixed α.When K = 1, fs1/f0 is equal to 2 and fs2/f0 is
equal to 3. This means that in this limit a uniform impedance
resonator is realized and the high order resonant frequency is
an integer multiple of the fundamental frequency f0. There-
fore, the higher order spurious resonant modes, which
depend on the choice of the characteristic impedance ratio
K and the electric length ratio α, can be found by combining
Equations (2) and (4).

2.2 | Characteristic of the skew-symmetrical
asymmetric SIR coupled pair

A skew-symmetrical asymmetric SIR coupled pair is illus-
trated in Figure 3. It contains two asymmetric SIR units con-
nected through two high impedance coupled lines.

The coupling matrix referred to in Reference 16 will not
be discussed in this article because of its non-wideband

limitation.16,17 The coupling between two ASIRs can be rep-
resented by a J-inverter susceptance J1,2 where the subscript
1 and 2 denotes the first and second passband. A larger value
of J1,2 means a stronger coupling strength between two
ASIRs. The normalized J1,2 can be determined by

J1,2 = J1,2Z0 ð5Þ

where Z0 represents the referred port impedance.
The external quality factor Qex1,2 and the normalized

J-inverter susceptance J1,2 can be related by Reference 16.

Qex1,2 =
π

2J1,2
2 ð6Þ

The external quality factor Qex1,2 can be further
extracted by

Qex1,2 =
f c1,2
Δ1,2

=
f c1,2

Δ �π
2ð Þ1,2

ð7Þ

where fc1,2, Δ1, 2, Δ �π
2ð Þ1,2, represents the central frequency,

−3 dB bandwidths, and the frequency bandwidth of phase
curve changing �π

2

� �
with respect to fc1,2, respectively.

J1,2 can be calculated by substituting the extracted Qex1,2

into Equations (6) and (7).
From the full-wave EM simulation (CST software23), it is

noted that the frequency response performance (in terms of

FIGURE 2 fs1 (the first spurious
frequency) and fs2 (the second spurious
frequency) normalized by f0 (the
fundamental frequency) for the asymmetric
SIR in Figure 1

FIGURE 3 Structure of a skew-symmetrical asymmetric SIR
coupled pair
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bandwidth, return loss and insertion loss) is improved signif-
icantly at some frequency points in the SS-ASIR coupled
pair while in other respects the performance is not changed
much or degraded in comparison with the asymmetric SIR
unit. Table 1 shows the frequency response transformation
from asymmetric SIR unit to skew-symmetrical asymmetric
SIR coupled pair. It can be seen that when the asymmetric
SIR's electric length ratio α ranges from 0.4 to 0.5, the fre-
quency response at frequency f0, fs3 and fs4 enhances signifi-
cantly in the SS-ASIR coupled structure, while it does not
change much or degrades at fs1 and fs3. When α = 0.6, the
frequency response at f0, fs1, and fs3 enhances greatly, but it
does not vary much or degrades at fs2 and fs4. The transfor-
mation table is useful to analysis and transform frequency
bands where the performance-enhanced frequency response
appears into desired pass bands by considering the asymmet-
ric SIR unit characteristic. It is also useful to analyze and
transform frequency bands where the performance-degraded
frequency response appears into stop bands or excite them to
become pass band by modifying the SS-ASIR coupled
structure.

2.3 | The influence of electric length ratio α in
SS-ASIRs

An inherent property of the skew-symmetrical asymmetric
SIR (SS-ASIR) coupled pair is that the resonant frequency
location and bandwidth performance are mainly influenced
by the electric length ratio α when length L1 is fixed, and is
hardly affected by the impedance ratio K. This invariance
characteristic is not found with the asymmetric SIR unit,
where the normalized frequency (and resonant frequency) is
closely related with K value. This characteristic of α = 0.42
is shown in Figure 4: resonant frequency locations and their
bandwidths are nearly fixed when α is fixed at 0.42, and

these two parameters are little influenced by K. Similar phe-
nomenon can be observed when α is fixed at other values.
This means α is the main factor to influence the horizontal
frequency response performance such as resonant frequency
locations and bandwidths in SS-ASIR coupled structures.

2.4 | The influence of impedance ratio K
in SS-ASIRs

The return loss and insertion loss performance of enhanced f0
and fs2 (seen in Table 1 and Figure 4) becomes better when
K varies from 0.3 to 0.6. Meanwhile, the return loss and inser-
tion loss performance of degraded fs1 and fs3 (seen in Table 1
and Figure 4) become better and forms two spurious peaking
finally. Similar phenomenon can be observed when K takes
other values. Therefore, the impedance ratio K is a major
influence on the vertical frequency response performance
such as return loss and insertion loss in both pass-band and
stop-band of SS-ASIR coupled structures. By considering the
characteristic of SS-ASIR coupled pairs and of the asymmet-
ric SIR unit, α = 0.42 and K = 0.48 are extracted to design
the proposed filters. The performance-enhanced frequency
bands at f0 and fs2 are used to form the first and second pass
band in the proposed dual-band and quad-band filters. The
performance-degraded frequency band at fs3 and
performance-enhanced frequency band at fs4 are unwanted in
the proposed dual-band filters, but they are used to form the
third and fourth pass band in the proposed quad-band filter.

Figure 5 plots the variation of coupling bandwidth as a
function of the gap size (S1) between the two resonators.
Increasing the gap between the resonators reduces the cou-
pling bandwidth of the designed filer and vice versa. Given
the required electrical length ratio α, coupling coefficients
and external quality factor for the proposed filters, one may
determine the proper specifications based on these factors.

TABLE 1 The transformation relationship of in-band performance of skew-symmetrical asymmetric SIR coupled pair and asymmetric SIR
unit. “Improved” means significant enhancement of performance at relative frequency; “NC/DE” means no significant change or degradation of
performance at relative frequency point. When α ranges from 0.3 to 0.7

f

α
The fundamental
frequency f0

The first spurious
frequency fs1

The second spurious
frequency fs2

The third spurious
frequency fs3

The fourth spurious
frequency fs4

0.3 NC/DE Improved NC/DE Improved NC/DE

0.4 Improved NC/DE Improved NC/DE Improved

0.42 Improved NC/DE Improved NC/DE Improved

0.5 Improved NC/DE Improved NC/DE Improved

0.55 Improved NC/DE NC/DE Improved NC/DE

0.6 Improved Improved NC/DE Improved NC/DE

0.65 Improved Improved NC/DE NC/DE Improved

0.7 Improved Improved NC/DE NC/DE NC/DE
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3 | THE MODIFIED SKEW-
SYMMETRICAL ASYMMETRIC SIR
FILTER

3.1 | SS-ASIR filter with open stub and folded
coupled lines

In the skew-symmetrical asymmetric SIR filter, open stubs
can be added to the low impedance lines, and the high
impedance coupled lines can be folded, to achieve optimized
performance. This geometry and its equivalent circuit are
shown in Figures 6 and 7, respectively. When two open
stubs are moved from point A to C, the suppression perfor-
mance of fs3 and fs4 becomes progressively better while the
return loss performance of fs2 become worse from A to B
and better from B to C. Meanwhile, the insertion loss and
return loss performance of fundamental frequency fo remains
almost the same. Therefore, two open stubs are placed at

point C. Figure 8 shows the open stub effect on the fre-
quency response of the SS-ASIR filter.

The high impedance lines are also folded to form the
section of length H1 between the high and low impedance
lines. Compared to conventional coupled lines that are not
folded, the suppression of unwanted transmission at fre-
quency fs4 is greatly improved when the interval H1 varies
from 0.5 mm to 0.9 mm. The change in the frequency
response for this variation of H1 is plotted in Figure 9.

The design procedures for dual- and quint-wideband type
BPFs can be summarized as follows:

1. Choose a suitable electrical length ratio α, thus setting
the fundamental frequency f0, and choose the character-
istic impedance ratio K in the ASIR to improve insertion
loss and return loss performance.

2. Analyze the transmission zero generating requirement of the
interdigital cross-coupled line section added to the SS-ASIR
structure and find suitable transmission zero locations.

3. According to previous results, tune the length of the
interdigital cross-coupled line section to meet the
required S21 to form a wide stop band for the dual-
wideband type ASIR filter. The gap parameter S5 is also
tuned for optimized results.

FIGURE 5 Coupling bandwidth (K) with the gap size (S1)
FIGURE 6 Schematic diagram of an SS-ASIR filter with open
stubs and folded coupled lines

FIGURE 4 Frequency characteristic
curves of the SS-ASIR coupled pair when
α = 0.42, L1 = 11 mm and K = 0.3, 0.4,
0.48, and 0.6
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4. Tune the length of the interdigital cross-coupled line
section to enable a multi-band response with good isola-
tion between operating bands.

5. The same design steps can be applied for the quint-
wideband type BPF.

Because of the non-wideband limitation of the coupling
matrix, coupling coefficients are not important in this design,
while the external quality factor Qex can be discussed for
performance optimization, as mentioned above.

3.2 | The modified SS-ASIR filter with
interdigital cross-coupled line (ICCL)

To further optimize the in-band and out-of-band perfor-
mance of the proposed dual-band filter, auxiliary interdigital
cross-coupled lines whose width and length are W5 and L5
are utilized to realize multi-path coupling between two

FIGURE 7 The equivalent circuit of an SS-ASIR filter with open
stubs and folded coupled lines

FIGURE 8 The open stub effect on
the frequency response of the SS-ASIR
filter

FIGURE 9 The frequency response
of the modified SS-ASIR filter vs
frequency when H1 varies from 0.5 mm
to 0.9 mm
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modified ASIRs (MASIRs), as seen in Figure 10. Compared
to the single coupling route of A-C, at least two extra cou-
pling routes including A-D and B-C are created by the inclu-
sion of the auxiliary coupled lines. This interdigital multi-
path coupling scheme of the modified SS-ASIR filter is
shown in Figure 10B. Moreover, because of the small dis-
tance between the main and auxiliary coupled lines, mutual
coupling of A-B and C-D exists at the same time. This cou-
pling is illustrated as dashed gray lines in Figure 10B.

By including auxiliary coupled lines, the filter's out-of-
band spurious frequency suppression performance and pass-
band selectivity is considerably improved. The designed
dual-band band pass filter (BPF) adopting an interdigital
cross-coupled configuration produces a transmission zero
(TZ) to approach fs3 and fs4. The transmission zero occurs
because of cancelation of the transmitted signals passing
through different routes. The transmission line equivalent
circuit model and the coupling routing scheme for the SS-
ASIRs are shown in Figure 10C. The impedance values of
the transmission lines are: Z1 = 73.4856 Ω, Z2 = 23.5845 Ω,
ZA = ZC = 67.0065 Ω, and ZB = ZD = 73.5209 Ω, these
values have been achieved and verified with the aid of the
spice extraction tool embedded in the CST software.17,23

As seen in Figure 11, when the length of auxiliary
coupled line L5 ranges from 1.4 to 1.8 mm, optimized sup-
pression of fs3 and fs4 is achieved. Also a wide stop band
ranging from 6.3 to 12 GHz at the upper side of the second
pass band is realized simultaneously. Also, the second pass
band upper side's selectivity is improved with the two pass
bands' return loss and insertion loss performance unaffected.
Figure 12 plots Qex1, Qex2, fs2/f0 and Qex2/Qex1 vs S5, which
is the gap between auxiliary coupled line and main coupled
line in the interdigital cross-coupled SS-ASIR filter. When

FIGURE 10 Schematic diagram of the modified SS-ASIR
coupled pair with interdigital cross coupled lines. (A) Structure.
(B) Coupling routing scheme. A, B denotes the main coupling line and
auxiliary cross coupling in MASIR1, respectively. C, D denotes the
main coupling line and auxiliary cross coupling in MASIR2,
respectively. (C) Equivalent circuit and coupling routing scheme for
the SS-ASIRs with ICCLs

FIGURE 11 The effect of L5 on the
interdigital cross-coupled SS-ASIR
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S5 changes from 0.1 mm to 0.8 mm, Qex1 and fs2/f0 remain
almost the same. This exhibits the stable invariance property
of resonant frequency location in the SS-ASIR coupled
structure and coincides with the frequency response in
Figure 4. Qex2 decreases initially and increases a little later:
this means that the bandwidth of fs2 can be controlled and
expanded by tuning S5. Therefore, S5 is a factor that can
tune Qex2 and J1,2 in SS-ASIRs with the interdigital cross
coupled line structure.

The proposed filters were fabricated on an RO3010 substrate
with a relative permittivity of 10.2, and measured using an
HP8550 vector network analyzer. The simulated S-parameters,
measured S-parameters and photograph of the hardware realiza-
tion of the designed dual-wideband SS-ASIRs with ICCLs are
plotted in Figure 13. Good agreement is observed between the

simulated and measured results and the slight discrepancies are
attributed to losses and fabrication errors. Dual wide bands are
realized with good in-band return loss performance. The first
pass band ranges from 1.47 to 2.28 GHz with central frequency
of 1.875 GHz, bandwidth of 810 MHz and fractional band
width (FBW) of 43.2%. It can be applied in the application of
Global Positioning System (GPS: frequency band centered at
1.57 GHz), Global System for Mobile Communication (GSM:
1800/1900 MHz) and Universal Mobile Telecommunication
System (UMTS: 1710-1880/1850-1990/1920-2170 MHz etc.).

FIGURE 12 Qex1, Qex2, fs2/f0 and Qex2/Qex1 vs S5

FIGURE 13 Simulated, measured
results and photograph of the hardware
realization of an SS-ASIR with ICCLs.
(A) Narrowband view of the first
passband. (B) Narrowband view of the
second passband

TABLE 2 Parameters of the proposed four types of modified
SS-ASIR filters. All dimensions are in millimeters

Filter type
parameter

The
modified
SS-ASIR
filter

The
modified
SS-ASIR
filter with
ICCLs

The
modified
SS-ASIR
filter with
PUMLs

The
modified
SS-ASIR
filter
with
DRS

L1 11 11 11 11

L2 15.6 15.6 15.6 15.6

W1 1.6 1.6 1.6 1.6

W3 0.4 0.4 0.4 0.4

L5 1.81

S5 0.25

W5 0.42

Lr 7.05

Lm 2.32

Wm 0.07

Rd 0.6

Wd 4.65

Hd 1.2
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The second pass band ranges from 5.23 to 5.81 GHz with cen-
tral frequency of 5.52 GHz, bandwidth of 580 MHz and frac-
tional band width (FBW) of 10.5%. It can be applied in
IEEE802.11a WLAN applications including 5G Wi-Fi. More-
over, good insolation is achieved between two pass bands, elim-
inating signal interference between dual-bands. The stop band
ranges from 2.56 to 4.86 GHz with −10 dB suppression. Due
to the adoption of the interdigital cross-coupled line structure,
an extra transmission zero near fs3 and fs4 is created. A wide
upper stop band ranging from 6.05 to 12.1 GHz with −10 dB
suppression is generated, which can be seen in Figure 13.

Parameters of the modified SS-ASIR filter and modified
SS-ASIR filter with interdigital cross coupled lines (ICCLs)
are shown in Table 2.

3.3 | The modified SS-ASIR filter with
parallel uncoupled microstrip lines (PUMLs)

An uncoupled section located within conventional coupled
lines is a useful method to achieve extra transmission zeros
close to existing zeros created by the conventional coupled
lines. Therefore, the results extending the stopband band-
width with a better suppression level can be achieved. At the
same time, this method can also give freedom to optimize
the in-band performance of the original structure. Figure 14
shows the topological structure of the proposed modified
SS-ASIR filter with parallel uncoupled microstrip lines.
These parallel uncoupled microstrip lines are formed by
bending the original coupled lines outwards. The parallel
uncoupled microstrip line's reference location to the original
coupled line open end is Lr. The parallel uncoupled micro-
strip line height and inner gap is Lm and Wm, respectively.
The same procedure applied to achieve the equivalent circuit

FIGURE 14 (A) Schematic diagram of the proposed modified
SS-ASIR filter with parallel uncoupled microstrip lines. (B) Equivalent
circuit and coupling routing scheme for the SS-ASIR filter with
PUMLs

FIGURE 15 Lr's impact on the
frequency response of the SS-ASIR filter
with PUMLs

FIGURE 16 f0 and Qex1 vs against Lm
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elements used in Figure 10C, is adopted for the SS-ASIR fil-
ter with PUMLs as shown in Figure 14B. The impedance
values of the transmission lines are: Z1 = 73.4856 Ω,
Z2 = 23.5845 Ω, Z3 = 67.4162 Ω, and Z4 = 58.6799 Ω.

Compared to the former modified SS-ASIR filter with its
interdigital cross-coupled line structure, the wider second
pass band is achieved by adopting novel parallel uncoupled
microstrip lines. In the former structure, Qex1 and Qex2 are
equal to 2.28 and 9.37 when S5 = 0.25 mm (as shown in
Figure 11), while Qex1,2 equal 2.71 and 3.48 when
Lm = 2.3 mm in this novel filter with PUMLs. This means
J2 is improved greatly and a stronger coupling strength
between two modified ASIRs is realized. Figure 15 shows

the impact of the reference location parameter Lr on the fre-
quency response of the filter with parallel uncoupled micro-
strip lines. It is noted that when Lr changes from 5.6 mm to
7 mm, the second pass band return loss performance is
enhanced considerably and its bandwidth becomes wider
resulting in forming a wide second pass band of more than
1.5 GHz. Meanwhile, the frequency response of the first
pass band does not vary much. Hence, Lr is a vital factor to
influence J2 and Qex2. Moreover, the parallel uncoupled
microstrip line structure achieves one extra transmission zero
nearby fs3 and fs4, leading to an extended wide stopband
bandwidth with better suppression level, as seen in
Figure 15.

Figures 16 and 17 show the impact of Lm on the fre-
quency response of the SS-ASIR filter with PUMLs. In
Figure 16, when Lm ranges from 0.5 mm to 5 mm, the fun-
damental frequency f0 decreases continuously while Qex1

increases slightly at first and increases dramatically when Lm
is greater than 2.5 mm. This shows that the parallel
uncoupled microstrip line height Lm can increase Qex1 and
decrease J2 within a certain range. Figure 17 plots the fs2,
Qex2, fs2/f0 and Qex2/Qex1 vs against Lm. When Lm ranges
from 0.5 mm to 1.5 mm, the rate of decline of Qex2 is much
faster than the rate of decline of fs2, which means the band-
width centered at fs2 is growing rapidly. When Lm ranges
from 1.5 mm to 2.5 mm, the rate of decline of Qex2 is almost
the same as that of fs2, that means that a wide band width
centered at fs2 is formed and does not change much. When
Lm ranges from 2.5 mm to 5 mm, Qex2 increases as fs2
decreases, which means that the band centered at fs2
becomes narrower. In the whole process, fs2 moves from

FIGURE 17 fs2, Qex2, fs2/ f0 and Qex2/Qex1 vs against Lm

FIGURE 18 The analysis of the
PUML unit
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5.6 GHz to 3.8 GHz with the second pass band being
expanded to more than 1.5 GHz. Hence, Lm is also a factor
to influence Qex2 and strengthen J2.

The reason for this can be explained by analyzing the
parallel uncoupled microstrip line unit, whose topological
structure and frequency response are plotted in Figure 18.
As seen in the figure, the PUML unit forms a wide pass
band of more than 1 GHz when Lm changes from 1 mm to
3 mm, and the pass band central frequency can be tuned by
Lm. This result proves the advantage of the PUML structure
to optimize the in-band performance of the filter. As for out-
of-band performance, the PUML unit generates three trans-
mission zeros (TZs) at both sides of the pass band, as plotted
in Figure 18. These three TZs can improve the isolation

performance between two pass bands and the suppression
level of undesired fs3 and fs4.

The simulated S-parameters, measured S-parameters and
photograph of the hardware realization of the designed dual-
wideband SS-ASIRs with PUMLs are plotted in Figure 19.
There is good agreement between the simulated and mea-
sured results and the slight discrepancies are attributed to
losses and fabrication errors. It can be seen that dual wide
bands are realized with good in-band return loss perfor-
mance. The first pass band ranges from 1.37 to 1.89 GHz
with central frequency of 1.63 GHz, bandwidth of 520 MHz
and fractional band width (FBW) of 31.9%. It can be applied
in the application of Global Positioning System (GPS: fre-
quency band centered at 1.57 GHz), Global System for

FIGURE 19 Simulated, measured
results and photograph of the hardware
realization of an SS-ASIR with PUMLs

TABLE 3 Performance comparison to the proposed of modified SS-ASIR filter with (A) ICCLS and (B) PUMLS. All dimensions are in
millimeters

Reference CF (GHz)
−3 dB
FBW (%)

RL at
CF (dB)

IL at
CF (dB) Size

No. of
transmission
poles in each
passband

Wide stop
band
restriction

8 2.4/5.26 13.7/6.3 28/12 0.6/1.4 0.46λg × 0.42λg 2/2 no

9 2.43/3.73 4.5/6.1 24/24 2.5/1.3 0.43λg × 0.69λg 1/1 No

15 2.4/3.5 6.88/8.57 26/16 <0.3 0.25λg × 0.4λg 2/2 No

18 5/8 50/12.5 24/35 1/1.2 0.23λg × 0.62λg 3/1 No

19 Filter B 1.65/5.25 35.1/7.2 20/25 0.41/1.1 0.33λg × 0.03λg 2/2 No

21 2.4/3.5 6.7/7.2 15/14 2/1.9 0.16λg × 0.25λg 6/2/2/2 No

5.2/5.8 6.9/5.3 21/16 1.9/1.96

This work (A) 1.875/5.52 43.2/10.5 12/25 0.39/0.87 0.05λg × 0.56λg 1/3 Yes

This work (B) 1.63/4.46 31.9/33.0 15/12 0.70/0.12 0.09λg × 0.56λg 1/2 Yes
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Mobile Communication (GSM: 1800 MHz), and Universal
Mobile Telecommunication System (UMTS: 1710-1880
MHz etc.). The second pass band ranges from 3.66 to
5.46 GHz with central frequency of 4.46 GHz, bandwidth of
1.8 GHz and fractional band width (FBW) of 33.0%. It can
be applied in IEEE802.11a WLAN applications including
5G Wi-Fi. Moreover, good isolation is achieved between the
two pass bands to eliminate signal interference between
dual-bands. The stop band ranges from 2.12 to 3.5 GHz with
−10 dB suppression. Due to the adoption of parallel
uncoupled microstrip lines, an extra transmission zero near
fs3 and fs4 is realized. A wide upper stop band ranging from

5.83 to 9.35 GHz with −10 dB suppression level is gener-
ated, which can be seen in Figure 19.

The parameters of the modified SS-ASIR with parallel
uncoupled microstrip lines are shown in Table 2. A compari-
son of the performance of the modified SS-ASIR filter with
ICCLs and PUMLs with previous work is shown in Table 3.

3.4 | The modified SS-ASIR filter with
defected rectangular structure (DRS)

The topological structure of the proposed modified skew-
symmetrical asymmetric SIR Filter with defected structure is

FIGURE 20 Schematic diagram of
the modified SS-ASIR filter with DRS:
(A) structure. (B) Equivalent circuit and
coupling routing scheme for the SS-ASIR
filter with DRS. (C) The frequency
response comparison of SS-ASIR filter
with DRS and without DRS
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shown in Figure 20. In contrast to the original skew-
symmetrical asymmetric SIR filter, this filter has a defected
rectangular structure (DRS) in each low impedance line, of
width and length Wd and Hd, respectively. Its relative dis-
tance to the end of the feed line is Rd. By utilizing the
defected rectangular structure, the performance-degraded
frequency response at fs3 can enhance the frequency
response and a new wide pass band can be excited centered
at fs3. The frequency response comparison between the mod-
ified SS-ASIR filter with and without DRS is plotted in
Figure 20C. By this means, a quad-band filter can be formed
by adopting the defected rectangular structure in the SS-
ASIR filter.

Again, the same procedure applied to achieve the equiva-
lent circuit elements used in Figures 10C and 14B, is
adopted for the SS-ASIR filter with DRS and without DRS
as shown in Figure 20B. The impedance values of the

transmission lines are: Z1 = 34.6069 Ω, Z2 = 49.6435 Ω,
Z3 = 23.5845 Ω, and Z4 = 67.0065 Ω.

Figure 21 plots the Wd's effect on SS-ASIR filter with
DRS. In (a), when Wd varies from 2.5 to 6 mm, fs2/f0
decreases while Qex1 remains almost the same: Qex2 and
Qex2/Qex1 fluctuate in this process. This means fs2 does not
follow the rules of invariance of resonant frequency location
in the SS-ASIR coupled structure any more. In (b), Qex3 var-
ies from 12.1 to 26.8 and Qex4 varies from 18.1 to 16 when
Wd ranges from 2.5 to 6 mm, with Qex3/Qex1 increasing
continuously.

From EM simulations, it is noted that not all fs2, fs3, and
fs4 in SS-ASIR coupled structures with DRS obey the rules
of invariance of resonant frequency location: frequency
shifting exists among all four pass bands compared to the
situation that there is no DRS. This is because the basic
structure of SS-ASIR coupled pairs is modified by the
defected rectangular structure.

The simulated S-parameters, measured S-parameters and
photograph of the hardware realization of the designed
quad-wideband SS-ASIR filter with DMS are plotted in
Figure 22. There is good agreement between the simulated
and measured results and the discrepancies are attributed to
loss, fabrication errors and so on. It can be seen that dual
wide bands are realized with good in-band return loss perfor-
mance. The first pass band ranges from 1.64 to 2.62 GHz
with central frequency of 2.13 GHz, bandwidth of 980 MHz
and fractional band width (FBW) of 46.0%. It can be applied
in the Global System for Mobile Communication (GSM:
1800 MHz/1900 MHz), Universal Mobile Telecommunica-
tion System (UMTS: 1710-1880/1850-1990/1920-2170
MHz etc.), ISM (Industrial, Scientific and Medical band:
2.4 GHz), and WLAN IEEE 802.11b/g/n applications
including 2.4 GHz Wi-Fi. The second pass band ranges from
4.95 to 5.55 GHz with central frequency of 5.25 GHz, band-
width of 600 MHz and fractional band width (FBW) of
11.4%. It can be used in IEEE802.11a WLAN applications.
The third pass band ranges from 7.51 to 7.86 GHz with cen-
tral frequency of 7.685 GHz, bandwidth of 350 MHz FBW
of 4.6%, and can be used in electronic countermeasure
(ECM) applications. The fourth pass band ranges from 9.06
to 9.56 GHz with central frequency of 9.31 GHz, bandwidth
of 500 MHz and FBW of 5.4%, suitable for X-band
applications.

Moreover, good isolation is achieved between four pass
bands, eliminating signal interference. The −10 dB suppres-
sion level stop bands range from 3.05 to 4.78 GHz between
the first and second pass band, 5.77 to 7.20 GHz between
the second and third pass band, and 8.04 to 8.889 GHz
between the third and fourth pass band. Moreover, two
transmission zeroes located at 4.26 GHz and 8.46 GHz are
formed to further enhance frequency selectivity, as shown in

FIGURE 21 Wd's effect on SS-ASIR filter with DRS. (A) Qex1,
Qex2, fs2/f0 and Qex2/Qex1 vs against Wd. (B) Qex3, Qex4, Qex3/Qex1 and
Qex4/Qex1 vs against Wd
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Figure 22. The parameters of modified SS-ASIR with DMS
are shown in Table 2. The size of the modified SS-ASIRs
with DMS is 0.09λg × 0.56λg, where λg is the guide
wavelength.

3.5 | Surface current distribution for the
proposed filters

For further validation by using the CST software simulator,
Figure 23 elaborates the current distribution of the reported
pass band filters at the resonant frequencies.

As shown in Figure 23A, the electric field is mainly dis-
tributed near the interdigital cross-coupled lines, with maxi-
mum current density 60 and 58 A/m at 1.8 and 5.5 GHz,
respectively. But for Figure 23B, the electric field is mainly
distributed near the parallel uncoupled microstrip lines, with
maximum current densities 58 and 57 A/m at 1.6 and
4.4 GHz, respectively. On the other hand, as seen from
Figure 23C, most of the currents are around the defected
rectangular structures and the two coupled transmission lines
with maximum current densities 60 A/m at 2.1, 5.2, 7.6, and
9.3 GHz. It is significant that the proposed designs can be
easily developed to handle and permit reconfigurability24,25

and can be easily integrated with antenna designs,26 to create
the so-called “filtenna”.27

4 | CONCLUSION

Multi-standard dual-wideband and quad-wideband filters
based on the detailed analysis of the simple asymmetric
stepped-impedance resonator unit and of the skew-
symmetrical asymmetric stepped-impedance resonator
coupled pair have been presented. By utilizing a novel modi-
fied skew-symmetrical asymmetric stepped-impedance reso-
nator coupled pair with interdigital cross-coupled lines and
parallel uncoupled microstrip lines, the dual-band filters for
the first time among recently proposed dual-wideband filters

FIGURE 23 Current distribution for the designed filters. (A) SS-
ASIRs with ICCLs. (B) SS-ASIRs with PUMLs. (C) SS-ASIRs
with DMS

FIGURE 22 Simulated, measured
results and photograph of the hardware
realization of the modified SS-ASIRs
with DMS
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realize dual-wideband with wide stop band restrictions.
Their bandwidths are controllable by tuning relative parame-
ters. By introducing a defected microstrip structure, a fre-
quency band nearby the third spurious frequency is formed,
resulting in a quad-wideband filter. The proposed dual-
wideband and quad-wideband modified skew-symmetrical
asymmetric stepped-impedance resonator filters cover com-
munication applications including Global Positioning Sys-
tem, Global System For Mobile Communication, The
Universal Mobile Telecommunications System, industrial,
scientific and medical band, and IEEE 802.11 a/b/g/n/ac.
The filters' measured results agree well with simulated
results and theoretical predictions. The good in-band and
out-of-band performance, compact size and simple structure
make the proposed filters very promising for applications in
future multi-standard wireless communication.
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