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ABSTRACT This paper presents a series design method for tri-/quad-/and quint band bandpass filter (BPF)
with multiple transmission zeros (TZs) based on an embedded asymmetrical square-ring resonator (ASRR).
Firstly, we proposed a series of tri-/quad-/and quint-mode asymmetrical square-ring resonators which
resonant modes are demonstrated by employing the multi-path matrix coupling analysis method. Further,
we nested two identical ASRRs to construct multiple passbands and introduced multiple transmission zeros
between frequency bands based on transversal signal interference concepts. Finally, tri-/quad-/quint-band
BPFs are designed according to the proposed design principle using the proposed typical basic structure
ASRR. The design, fabrication, andmeasurement of the three BPFs are conducted to validate their feasibility.
The measured results consistently match the theoretical predictions, demonstrating superior performance,
such as independent and controllable frequency band characteristics and abundant transmission zeros, while
having promising potential to further expand frequency band designs.

INDEX TERMS Square-ring, asymmetrical, transversal signal interaction, independence manageable
passband.

I. INTRODUCTION
With the increasing competition for spectrum resources in
modern communication networks and the widespread reuse
of core frequency bands. There is a rapidly growing demand
for multiple passbands for the sub-2.4 GHz basic coverage
band and the 5G application trend. Therefore, the design and
implementation of multi-band filters have become a research
hotspot in recent years. As a critical key building block in
multi-service communication systems, multiple-band band-
pass filters (BPF) have arousedmuch attention and are widely
investigated, so two major design methods of multiple-band
BPFs are proposed.

To construct multiple-band BPFs, as one of the popular
methods, combining filters was directly employed to achieve
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this design requirement [1], [2], [3], [4], [5], [6], [7]. For this
cascade designing methodology, a series of BPFs based on
a simple structure was employed to create a complex multi-
band filter [1], [2], [3], [4]. The multi-band BPFs designed by
paralleled multi-mode resonators were demonstrated in [5],
[6], and [7], which BPFs are of common output port and
input port. However, either cascade or parallel methodologies
with the flaw of relatively large circuit size and complex
architecture.

Recently, to further miniaturize the size of multiple-band
BPFs, the BPFs based on the multimode resonator design
were proposed [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23]. By adopting the square
ring resonator, the multi-band BPFwith sharp passband shirts
and miniaturized circuit size could be achieved [8], [9],
[10], [11]. To further address the issue of complex archi-
tecture, the Stepped Impedance resonators (SIR) [12], [13],
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FIGURE 1. (a) Basic structure Tri-ASRR. (b) Transmission line model of
Tri-ASRR.

[14], [15], [16], [17] were proposed. However, with this
approach, the implementation of independent and control-
lable frequency band characteristics could be a challenge.
Moreover, multiple-band BPF with independent controllable
passband could be obtained by constructing multiple cross-
coupling [18], [19], [20], [21], [22], [23]. Nevertheless,
to realize further expanded frequency band designs still needs
to be further investigated. To the best of our acknowledged,
there are seldom reports on quad-band and quint-band BPFs
designs.

In this paper, a series of design methods for tri-/quad-/and
quint-band bandpass filters are demonstrated and constructed
based on the proposed novelty embedded asymmetrical
square-ring resonator (ASRR). A detailed design method for
multiple-band BPF with compact size, multiple transmission
zeros (TZs) and independent manageable centred frequencies
is given in this article. In addition, due to the introduction
of the expanded asymmetrical square-ring, the proposed fil-
ter can easily realise quad-band, quint-band and even more
frequency band designs for modern 5G applications. The pro-
totype filter is designed, implemented, and tested to validate
simulation analysis.

II. TRI-BAND BPF ANALYSIS AND DESIGN
In this paper, a series of novel asymmetrical square-ring
resonators with extendable architecture and additive resonant
modes is presented. By adding asymmetrical stubs along the
square-ring of the ASRR with a more controllable freedom
multimode resonator is achieved. The proposed resonator
structure with corresponding physical lengths and widths
denoted by LA1 to LA4 and Wa, respectively. Due to its
asymmetric structure, as depicted in Fig.1 (a), the proposed
resonator no more adopts the classical odd and even mode
analysis methods as traditional symmetric square ring res-
onators. To further demonstrate the characteristics of the
proposed resonator, the Fig.1(b) sketches the ideal transmis-
sion line model (TLM) of ASRR. As shown in Fig. 1(b),
YAn (n = 1, 2, 3, and 4) and θAn (n = 1, 2, 3, and 4)
represent the characteristic admittances and electrical lengths
of counterpart micro-strip lines, respectively.

The electrical parameters of Tri-ASRR are in Fig.2. Herein,
Yina is the input admittance of Tri-ASRR with electrical
parameters similar to Fig.1.(b).Moreover, the designmethod-
ology is demonstrated by using the ABCD matrix Y matrix
accompanied with the S matrix. For simplicity, YA1 = YA2 =

YA3 = YA4 = Ya is assumed.

FIGURE 2. Equivalent ideal transmission line model for diagram analysis.

Since the ABCD matrix of microstrip line can be respec-
tively defined as:[

A B
C D

]
=

[
cos θ j 1Y sin θ

jY sin θ cos θ

]
(1)

where

Mua1 = Ma1 =

[
A B
C D

]
a1

=

[
cos θA1 j 1Ya sin θA1

jYa sin θA1 cos θA1

]
(2)

Mua3 = Ma3 =

[
A B
C D

]
a3

=

[
cos θA4 j 1Ya sin θA4

jYa sin θA4 cos θA4

]
(3)

The second part of the circuit is divided into the road and
lower road, which belongs to the parallel network, using the
Y matrix calculation from the definition:

Mua2 = [Y1] = [Yu1] + [Yd1] (4)[
Y11 Y12
Y21 Y22

]
=

[ D
B

−(AD−BC)
B

−1
B

A
B

]
(5)

[Y11]u1 =
Ya cos(θA2 + 2θA3)
j sin(θA2 + 2θA3)

(6)

[Y12]u1 =
−Ya(cos2(θA2 + 2θA3) + sin2(θA2 + 2θA3))

j sin(θA2 + 2θA3)
(7)

[Y21]u1 =
−Ya

j sin(θA2 + 2θA3)
(8)

[Y22]u1 =
Ya cos θa2

j sin(θA2 + 2θA3)
(9)[

Y11 Y12
Y21 Y22

]
d1

=

[
Ya cos θA2
j sin θA2

−Ya(cos2 θA2+sin2 θA2)
j sin θA2

−Ya
j sin θA2

Ya cos θA2
j sin θA2

]
(10)

For transmission Mua2, the Y matrix can be expressed as
follows:

[Y11]1 =
Ya cos(θA2 + 2θA3)
j sin(θA2 + 2θA3)

+
Ya cos θA2

j sin θA2
(11)
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[Y12]1 =
−Ya(cos2(θA2 + 2θA3) + sin2(θA2 + 2θA3))

j sin(θA2 + 2θA3)

+
−Ya(cos2 θA2 + sin2 θA2)

j sin θA2
(12)

[Y21]1 =
−Ya

j sin(θA2 + 2θA3)
+

−Ya
j sin θA2

(13)

[Y22]1 =
Ya cos(θA2 + 2θA3)
j sin(θA2 + 2θA3)

+
Ya cos θA2

j sin θA2
(14)

where the convert Y matrix into the ABCD matrix is:

Mua2 =

[
A B
C D

]
a2

=

[
−Y11
Y21

−1
Y21

−(Y11Y22−Y12Y21)
Y21

−Y11
Y21

]

=
1
Y21

[
−Y22 −1

−(Y11 − Y22) −Y11

]
(15)

[A]a2 =
sin (θA2 + 2θA3) sin θA2

sin (θA2 + 2θA3) + sin θA2

×

(
cos (θA2 + 2θA3)
sin (θA2 + 2θA3)

+
cos θA2

sin θA2

)
(16)

[B]a2 =
sin (θA2 + 2θA3) sin θA2

sin (θA2 + 2θA3) + sin θA2
(17)

[C]a2 =
sin (θA2 + 2θA3) sin θA2

sin (θA2 + 2θA3) + sin θA2

×
Ya
j

((
cos(θA2 + 2θA3)
sin (θA2 + 2θA3)

+
cos θA2

sin θA2

)2

−

(
−1

sin (θA2 + 2θA3)
+

−1
sin θA2

)2
)

(18)

[D]a2 =
sin (θA2 + 2θA3) sin θA2

sin (θA2 + 2θA3) + sin θA2

×

(
cos (θA2 + 2θA3)
sin (θA2 + 2θA3)

+
cos θA2

sin θA2

)
(19)

Herein the ABCD matrix of Tri-ASRR can be expressed
and derived by

Mua =

[
A B
C D

]
1

= Mua1 ·Mua2 ·Mua3 (20)

Consequently, the transmission coefficient and can be
extracted separately as follows:[

S11 S12
S21 S21

]
=

[
A+BY0−C/Y0−D
A+BY0+C/Y0+D

2(AD−BC)
A+BY0+C/Y0+D

2
A+BY0+C/Y0+D

−A+BY0−C/Y0+D
A+BY0+C/Y0+D

]
(21)

where Y0 = YA1 = YA2 = YA3 = YA4 = 0.01S is the
characteristic impedance of each segment of the microstrip
line. For simplicity, θA1 = θA4 = 2θA3 = 4θA2 = 120◦ are
assumed. In order to find the input admittance, the ABCD
matrix can be calculated as:[

V1
I1

]
=

[
A B
C D

] [
V2
I2

]
⇒

{
Va1 = AVa2 + BIa2
Ia1 = CVa2 + DIa2

(22)

FIGURE 3. The imaginary part of input admittance Yina of Tri-ASRR.

FIGURE 4. Equivalent ideal transmission line model of proposed Tri-band
BPF.

Thus, the input admittance Yina can be deduced from:

Yina =
Ia1
Va1

=
CVa2 + DIa2
AVa2 + BIa2

=
CZaL + D
AZaL + B

(23)

where:

ZaL = Va2/Ia2 (24)

Yina =
C
A

(25)

According to resonant condition Im(Yina) = 0, the imagi-
nary part of the input admittance in Tri-ASRR is plotted in
Fig.3. It can be observed from Fig.3 that Tri-ASRR yields
triple transmission poles fa1, fa2, and fa3. Among them, fa1
forms a group that falls within the range of the first desired
frequency band, while fa2 and fa3 fall within the design range
of the second and third frequency band, respectively. And the
triple transmission poles of Tri-ASRR can be employed for
the construction of the triple frequency bands.

The ideal TLM of Tri-band BPF is demonstrated in Fig.4,
where the parameters Yan and θan (n = 1, 2, 3, 4, 5, 6, 7)
represent the characteristic admittances and electrical lengths
of the Tri-band BPF, respectively. Thus the Tri-ASRR can be
employed to exploit a Tri-band BPF.

The phase shift of S21 of Path A and Path A+Path B are
respectively illustrated in Fig.5(a). As can be derived from
Fig.5(a) that single Path A hardly generates any TZ. However,
by utilizing the transversal signal interaction techniques of the
dual transmission path from the input port to the output port,
four extra transmission zeros (TZa1, TZa2, TZa3, TZa4) can be
yielded. To further demonstrate the contribution mechanism
of transmission zeros, which plot TZa2 and TZa3 versus θa2
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FIGURE 5. (a) Phase shift of S21 Path A and Path B. (b)TZa2 and TZa3
versus varied θa2 and θa6.

FIGURE 6. Transmission coefficient of triple varied conditions under
weak coupling.

and θa6 is shown in Fig.5(b). TZa2 increases with increasing
θa2, while TZa3 have little effect on θa2. TZa3 shift down as
θa6 enlarges, whereas TZa2 has a tiny effect on θa6.

Fig.6 demonstrates the positions of transmission poles with
varied electrical lengths for each stub. In Fig.6, when θa2
enlarges to 27◦ and θa5 declines to 11◦ are simulated for
the first pole fa1Left which shifts to a lower frequency. If θa2
and θa5 are used to independently tune fa2Right and fa3Left,
respectively, as can be seen, the second pole fa2Right to a
higher frequency while the third fa3Left will shift to a lower
frequency. It can be found that each transmission pole can be
independently managed in a wide frequency range.

The coupling routing scheme of Tri-band BPF is given
in Fig.7. For proposing more choices in designing the
bandwidths for three passbands simultaneously, four design
freedoms are chosen as coupling spacing Sa1/Sa2 and the
coupling length La1/La7. The actual coupling coefficients
between the modes can be computed from the following (26).

K =
f 2H − f 2L
f 2H + f 2L

(26)

where fH and fL are the higher and lower cutoff frequencies
of each passband. The corresponding coupling coefficients
versus the varied value of Sa1 and the length of coupled
lines La1 of coupled Tri-band BPF are sketched in Fig.8. The
coupling coefficientsKTri1,KTri2, andKTri3 for each passband
are illustrated in Fig.8(a), respectively. For the fixed La1, all
the coupling coefficients decrease as Sa1 enlarges. Mean-
while, the coupling coefficients are raised as La1 increases
when Sa1 keeps remains unchanged. Moreover, it can be
observed that Sa1 mainly influence KTri1 and KTri2. While
a slight increase in KTri1, KTri2, and KTri3 with an increase
in the length of coupled lines La1. Subsequently, the Fig.9

FIGURE 7. Dual-path coupling architecture for Tri-band transversal filter
design.

FIGURE 8. Coupling coefficient of KTri for triple-passband versus different
(a) Sa1 (b) La1.

FIGURE 9. Coupling coefficient of KTri for triple-passband versus different
(a) Sa1& Sa2 (b) La1& La7.

FIGURE 10. Design graph of cfa3/cfa1 and cfa2/cfa1 versus varied θa4
and θa6.

is achieved by manipulating two coupling spacings Sa1&Sa2
or coupling lengths La1&La7. Meanwhile, owing to the dif-
ferent coupling length or coupling spacing between two
parallel coupling lines, the external coupling generates more
changes.

Extraction method of the center frequency(CF):

CF = fH − fL (27)

where fH and fL are the higher and lower cutoff frequencies
of each passband. Fig.10 illustrates centre frequencies versus
varied θa4 and θa6. It can be seen that cfa3/cfa1 and cfa2/cfa1
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FIGURE 11. Simulated predicted frequency responses of proposed
Tri-band BPF.

FIGURE 12. Geometrical schematic of presented Tri-band BPF.

both increase as an increase θa4 from 3◦ to 21◦ when θa6 is
fixed at a certain value. Similarly, the tendencies ratio of the
cfa2/cfa1 variation enlargedwhen θa6 increases, while cfa3/cfa1
is opposed. This reveals that triple frequency bands con-
structed by Tri-band BPF can be independently controlled.

As demonstrated in Fig.11, the S-parameter responses of
the wideband BPF are simulated using the ideal Tri-band
BPF. The geometrical schematic corresponding to Fig.1(b)
has been listed in Fig.12.

III. QUAD-BAND AND QUINT-BAND BPF ANALYSIS AND
DESIGN
By adding the extra open-ended stub, the Quad-ASRR and
the Quint-ASRR are constructed based on the Tri-ASRR,
where the Quad-ASRR and Quint-ASRR can be employed
to exploit a quad-band BPF and quint-band BPF. The res-
onator structure of Quad-ASRR and Quint-ASRR are shown
in Fig.13. The corresponding physical lengths and widths
are represented by LB1 to LB6, Wb, LC1 to LC8 and Wc,
respectively. To further demonstrate the characteristics of the
proposed resonator, Fig.14 depicts the ideal transmission line
model (TLM) of Quad-ASRR and Quint-ASRR. As shown in
Fig.14(a), YBn (n= 1, 2, 3, 4, 5 and 6) and θBn (n= 1, 2, 3, 4,
5 and 6) describe the characteristic admittances and electrical
lengths of the counterpart microstrip line. And YCn (n = 1,
2, 3, 4, 5, 6, 7 and 8) and θCn (n = 1, 2, 3, 4, 5, 6, 7 and 8)
represent the characteristic admittances and electrical lengths
of the Quint-ASRR, respectively.

The electrical parameters of Quad-ASRR and Quint-
ASRR are portrayed in Fig.15. Herein, Yinb and Yinc are input
admittances of ASRRs with electrical parameters identical to
Fig.14. Furthermore, the design methodology is investigated

FIGURE 13. Basic structure (a) Quad-ASRR (b) Quint-ASRR.

FIGURE 14. Transmission line model of (a) Quad-ASRR (b) Quint-ASRR.

FIGURE 15. Equivalent ideal transmission line model for diagram analysis
(a) Quad-ASRR (b) Quint-ASRR.

by accompany adopt the ABCD matrix, Y matrix accompany
with S matrix which is similar to Tri-ASRR. The Yinc of
Quint-ASRRwill be elaborated in the following sections. For
simplicity, YC1 = YC2 = YC3 = YC4 = YC5 = YC6 = YC7 =

YC8 is assumed. Since the ABCD matrix of microstrip line
can be respectively defined as:

Mc1 =

[
cos θC1 j 1

YC1
sin θC1

jYC1 sin θC1 cos θC1

]
(28)

Mc2 =

[
1 0

jYC1 tan θC2 1

]
(29)

Mc3 =

[
cos θC3 j 1

YC1
sin θC3

jYC1 sin θC3 cos θC3

]
(30)
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Muc1 = Mc1 ·Mc2 ·Mc3 =

[
A B
C D

]
uc1

(31)

where:

Auc1 = cos θC1 cos θC1 − sin θC1 tan θC2 cos θC3

− sin θC1 sin θC3 (32)

Buc1 = j
1
YC1

cos θC1 sin θC3 − j
1
YC1

cos θC1 tan θC2 sin θC3

+ j
1
YC1

sin θC1 cos θC3 (33)

Cuc1 = jYC1 sin θC1 cos θC3 + jYC1 cos θC1 tan θC2 sin θC3

+ jYC1 cos θC1 sin θC3 (34)

Duc1 = − sin θC1 sin θC3 − cos θC1 tan θC2 sin θC3

+ cos θC1 cos θC3 (35)

Similarly, the Muc3 has:

Muc3 = Mc4 ·Mc5 ·Mc6 =

[
A B
C D

]
uc3

(36)

Auc3 = cos θC6 cos θC6 − sin θC6 tan θC7 cos θC8

− sin θC6 sin θC8 (37)

Buc3 = j
1
YC6

cos θC6 sin θC6 − j
1
YC6

cos θC6 tan θC7 sin θC8

+ j
1
YC6

sin θC6 cos θC8 (38)

Cuc3 = jYC6 sin θC6 cos θC6 + jYC6 cos θC6 tan θC7 sin θC8

+ jYC6 cos θC6 sin θC8 (39)

Duc3 = − sin θC6 sin θC8 − cos θC6 tan θC7 sin θC8

+ cos θC6 cos θC8 (40)

The second part of the circuit is divided into the road and
lower road, which belongs to the parallel network, using the
Y matrix calculation from the definition:

Muc2 = [Y3] = [Yu3] + [Yd3] (41)

For transmission Mua2, the Y matrix can be obtained as
follows: [

Y11 Y12
Y21 Y22

]
=

[ D
B

−(AD−BC)
B

−1
B

A
B

]
(42)

[Y11]u3 =
YC4 cos(θC4 + 2θC5)
j sin(θC4 + 2θC5)

(43)

[Y12]u3 =
−YC4(cos2(θC4 + 2θC5) + sin2(θC4 + 2θC5))

j sin(θC4 + 2θC5)
(44)

[Y21]u3 =
−YC4

j sin(θC4 + 2θC5)
(45)

[Y22]u3 =
YC4 cos θC5

j sin(θC4 + 2θC5)
(46)[

Y11 Y12
Y21 Y22

]
d3

=

[
YC4 cos θC4
j sin θC4

−YC4(cos2 θC5+sin2 θC5)
j sin θC5

−YC4
j sin θC5

YC4 cos θC5
j sin θC5

]
(47)

[Y11]3 =
YC4 cos(θC4 + 2θC5)
j sin(θC4 + 2θC5)

+
YC4 cosYC4
j sin θC4

(48)

[Y12]3 =
−YC4(cos2(θC4 + 2θC5) + sin2(θC4 + 2θC5))

j sin(θC4 + 2θC5)

+
−YC4(cos2 θC4 + sin2 θC4)

j sin θC4
(49)

[Y21]3 =
−YC4

j sin(θC4 + 2θC5)
+

−YC4
j sin θC4

(50)

[Y22]3 =
YC4 cos(θC4 + 2θC5)
j sin(θC4 + 2θC5)

+
YC4 cos θC4

j sin θC4
(51)

Convert Y matrix into the ABCD matrix is:

Muc3 =

[
A B
C D

]
c1

=

[
−Y11
Y21

−1
Y21

−(Y11Y22−Y12Y21)
Y21

−Y11
Y21

]

=
1
Y21

[
−Y22 −1

−(Y11 − Y22) −Y11

]
(52)

[A]uc3 =
sin (θC4 + 2θC5) sin θC4

sin (θC4 + 2θC5) + sin θC4

×

(
cos (θC4 + 2θC5)
sin (θC4 + 2θC5)

+
cos θC4

sin θC4

)
(53)

[B]uc3 =
sin (θC4 + 2θC5) sin θC4

sin (θC4 + 2θC5) + sin θC4
(54)

[C]uc3 =
sin (θC4 + 2θC5) sin θC4

sin (θC4 + 2θC5) + sin θC4

×
YC4
j

((
cos (θC4 + 2θC5)
sin (θC4 + 2θC5)

+
cos θC4

sin θC4

)2

−

(
−1

sin (θC4 + 2θC5)
+

−1
sin θC4

)2
)

(55)

[D]uc3 =
sin (θC4 + 2θC5) sin θC4

sin (θC4 + 2θC5) + sin θC4

×

(
cos (θC4 + 2θC5)
sin (θC4 + 2θC5)

+
cos θC4

sin θC4

)
(56)

The ABCD matrix of the Quint-ASRR BPFs is:

Muc =

[
A B
C D

]
3

= Muc1 ·Muc2 ·Muc3 (57)

Similarly, the overall ABCDmatrix of the Quad-ASRR can
be obtained:

Mub =

[
A B
C D

]
2

= Mub1 ·Mub2 ·Mub3 (58)

The conversion relationship between theABCDmatrix and
the S parameter matrix is:[

S11 S12
S21 S21

]
=

[
A+BY0−C/Y0−D
A+BY0+C/Y0+D

2(AD−BC)
A+BY0+C/Y0+D

2
A+BY0+C/Y0+D

−A+BY0−C/Y0+D
A+BY0+C/Y0+D

]
(59)
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FIGURE 16. The Imaginary part of input admittance Yin of (a) Quad-ASRR
(b) Quint-ASRR.

where YC = YC1 = YC2 = YC4 = YC5 = YC6 = YC7 = YC8
is the characteristic impedance of the microstrip line. For
simplicity, θC2 = θC3 = θC4 = θC7 = 30◦, θC1 = θC2 =

θC8 = 2θC2 = 60◦, θC5 = 4θC2 = 120◦ are assumed. For
Quint-ASRR, YB1 = YB2 = YB3 = YB4 = YB5 = YB6
is the characteristic impedance of the microstrip line. For
simplicity, θB2 = θB3 = 30◦, θB6 = 2θB2 = 60◦, θB1 = θB4 =

4θB2 = 120◦. In order to find the input admittance, as defined
by the ABCD matrix:[

V1
I1

]
=

[
A B
C D

] [
V2
I2

]
⇒

{
Vc1 = AVc2 + BIc2
Ic1 = CVc2 + DIc2

(60)

According to the above definition formula, the input admit-
tance Yin is calculated by the resonator ABCD:

Yinc =
Ic1
Vc1

=
CVc2 + DIc2
AVc2 + BIc2

=
CZcL + D
AZcL + B

(61)

thus:

Zc = Vc2/Ic2 (62)

Yinc =
C
A

(63)

According to resonant condition Im(Yin) = 0, the imag-
inary part of the input admittance in Quad-ASRR and
Quint-ASRR plotted in Fig.16. It can be observed from
Fig.16(a) that Quad-ASRR yields quadruple transmission
poles fb1, fb2, fb3 and fb4. Similarly, Quint-ASRR yields quin-
tuple transmission poles fc1, fc2, fc3,fc4 and fc5 are depicted
in Fig.16(b). Among them, fc1 forms a group that falls within
the range of the first desired frequency band, while fc2, fc3, fc4
and fc5 fall within the design range of the second, third, fourth
and fifth frequency bands, respectively. And the transmission
poles of Quad-ASRR and Quint-ASRR can be employed for
the construction of the different frequency bands.

The ideal transmission line model of Quad-BPF and Quint-
BPF are sketched in Fig.17(a), where the parameters Ybn
and θbn (n = 1,2,3,4,5,6,7,8) represent the characteris-
tic admittances and electrical lengths of the Quad-band
BPF, respectively. It can be observed from Fig.17(b), the
detailed electrical parameters are separately Ycn and θcn (n =

1,2,3,4,5,6,7,8,9).

FIGURE 17. (a) Equivalent ideal transmission line model of proposed
Quad-band BPF. (b) Equivalent ideal transmission line model of proposed
Quint-band BPF.

FIGURE 18. (a) Quad-band BPF phase shift of S21 Path A and Path B.
(b) Simulated transmission coefficient corresponding TZs of Zin1, Zin2,
Zin3 and Path a.

The phase shift of S21 of Path A and Path A+Path B
are respectively illustrated in Fig.18(a). As can be observed
from Fig.18(a) there are four transmission zeros (TZb2, TZb4,
TZb5, TZb7) in Path A. However, by utilizing the transversal
signal interaction techniques of the dual transmission path
from the input port to the output port, seven transmission
zeros (TZb1, TZb2, TZb3, TZb4, TZb5, TZb6, TZb7) can be
yielded. Therefore, it reveals that the extra triple transmission
zeros (TZb1, TZb3, TZb6) are formed by nested two identical
ASRRs to achieve transversal signal interaction. As illus-
trated in Fig.18(b), the other four transmission zeros (TZb2,
TZb4, TZb5, TZb7) are generated by different stubs. Simi-
larly, the generation mechanism of transmission zeros (TZc1,
TZc2, TZc3, TZc4, TZc5, TZc6, TZc7, TZc8, TZc9, TZc10) of
Quint-BPF are shown in Fig.19. The TZs versus various Lb3
and Lc3 values are shown in Fig.20(a) and Fig.20(b). It can be
seen in Fig.20(a) that TZb1, TZb2, TZb3, TZb4, TZb5 and TZb6
remain almost unchanged as Lb3 varies, while the variation of
Lb3 has an obvious effect on TZb7. As depicted in Fig.20(b),
it can be seen that TZc6, TZc9 and TZc10 decreases as Lc3
enlarged, while other transmission zeros (TZc1, TZc2, TZc3,
TZc4, TZc5, TZc7, TZc8) is almost unchanged. In Fig.20, the
1st, 2nd, 3rd,4th and 5th respectively denote the first, second,
third, fourth and fifth range of each passband.

Fig.21 demonstrates the positions of transmission poles of
Quad-ASRR and Quint-ASRR with varied electrical lengths
for each stub. In Fig.21(a), when θb2 = 10◦ and θb5 =

29◦ are simulated for the first pole fb1Right which shifts to
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FIGURE 19. (a) Quint-band BPF phase shift of S21 Path A and Path B.
(b) Simulated transmission coefficient corresponding TZs of Zin1 and
Path a.

FIGURE 20. (a) Quad-band TZs versus Lb3. (b) Quint-band TZs versus
varied Lc3.

FIGURE 21. Transmission coefficient of quadruple/quintuple varied
conditions under weak coupling. (a) Quad-ASRR. (b) Quint-ASRR.

FIGURE 22. (a) Dual-path coupling architecture for Quad-band BPF
transversal filter design. (a) Dual-path coupling architecture for
Quint-band BPF transversal filter design.

a higher frequency. Meanwhile, fb2Left and fb4Left shift to a
lower frequency, fb3Right shift to a higher frequency, when
θb8, θb4, and θb7 are respectively selected as 30◦, 16◦ and 19◦

respectively. In Fig.21(b), when θc3 = 26◦ is predicted for
the poles fc1Left and fc2Left which shift to a lower frequency.
Similarly, the third and fifth passband will shift to a higher
frequency with increased θc9 and θc7, respectively. And when
θc5 = 1◦ and θc8 = 29◦ are chosen, the third pole fc3Right
shifts to a higher frequency.

FIGURE 23. Coupling coefficient of KQuad/KQuint for quadruple/
quintuple-passband versus different (a)Sb1 (b) Sc1.

The coupling coefficient is an integral part of the design
of BPFs, and this feature is discussed in detail in Fig.22
to Fig.26. Fig.22 illustrates the specific coupling schemes
utilized in Quad-band and Quint-band BPF. The Quad-band
and Quint-band BPF are coupled by two asymmetric stubs,
Path1 and Path2, respectively. Quad-band BPFs generates
four bands, namely Passband1, Passband2, Passband3, and
Passband4, while Quint-band BPFs generates five bands,
namely Passband1, Passband2, Passband3, Passband4, and
Passband5. In order to propose amore optimal frequencyBPF
design, this section presents the bands of Quad-band BPF
and Quint-band BPF in Fig.23 to Fig.26. This is achieved
by manipulating the coupling spacing Sb1/Sb2/Sc1/Sc2 and the
coupling length Lb1/Lb7/Lc1/Lc7 which represents degrees of
freedom in the design. The extraction method of the coupling
coefficient is established as follows:

K =
f 2H − f 2L
f 2H + f 2L

(64)

where fH and fL are the higher and lower cutoff frequen-
cies of each passband. The coupling routing scheme of
Quad-BPFs and Quint-BPFs are given in Fig.22. To provide
more choices in designing the bandwidths for four and five
passbands simultaneously, the coupling spacings(Sb1/Sb2/Sc1/
Sc2) and the coupling lengths(Lb1/Lb7/Lc1/Lc7) are applied
to design the Quad-BPFs and Quint-BPFs coupling struc-
ture. The actual coupling coefficients between the modes can
be computed from the following (63). It can be observed
from Fig.23 and Fig.24 that the coupling coefficients of
Quad-BPFs(KQuad1, KQuad2, KQuad3, KQuad4) and the cou-
pling coefficients of Quint-BPFs( KQuint1, KQuint2, KQuint3,
KQuint4,KQuint5) will be decreased as the coupled spacing(Sb1,
Sc1) increases or the coupled length (Lb1, Lc1) narrows down.
Moreover, the Fig.25 and Fig.26 are achieved by manipu-
lating two coupling spacings (Sb1&Sb2/Sc1&Sc2) or coupling
lengths( Lb1&Lb7/Lc1&Lc7).

Fig.27 illustrates the centre frequencies of Quad-BPF ver-
sus varied θb2 and θb4. It can be observed that cfb3/cfb1 and
cfb2/cfb1 both decrease as increases θb2 from 22◦ to 28◦,
while cfb4/cfb1 has an opposed trend. Similarly, when θa6
is fixed at a certain value, the tendencies ratio of cfb3/cfb1
and cfb4/cfb1 variation enlarged when θb6 increases, while
cfb2/cfb1 decreases. The centre frequencies of Quint-BPF
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FIGURE 24. Coupling coefficient of KQuad/KQuint for quadruple/
quintuple-passband versus different (a)Lb1 (b) Lc1.

FIGURE 25. Coupling coefficient of KQuad/KQuint for quadruple/
quintuple-passband versus different (a)Sb1& Sb2 (b) Syc1& Sc2.

FIGURE 26. Coupling coefficient of KQuad/KQuint for quadruple/
quintuple-passband versus different (a)Lb1& Lb7 (b) Lc1& Lc8.

FIGURE 27. (a) Design graph of cfb3/cfb1 and cfb2/cfb1 versus varied θb2
and θb4. (b) Design graph of cfb4/cfb1 and cfb2/cfb1 versus varied θb2
and θb4.

versus varied θc3 and θc7 are plotted in Fig.28. It can be seen
that cfc3/cfc1 and cfc4/cfc1 both increase as increases θc3 from
17◦ to 23◦ when θa6 is fixed at a certain value. Meanwhile,
cfc2/cfc1 and cfc5/cfc1 are both decreased. As shown in the
Fig.28, the larger θc7 is, the larger cfc3/cfc1,cfc4/cfc1 and

FIGURE 28. (a) Design graph of cfc3/cfc1 and cfc2/cfc1 versus varied θc3
and θc7. (b) Design graph of cfc4/cfc1 and cfc2/cfc1 versus varied θc3 and
θc7. (c) Design graph of cfc5/cfc1 and cfc2/cfc1 versus varied θc3 and θc7.

FIGURE 29. Simulated predicted frequency responses of proposed
Quad-band BPF. (b) Quint-band BPF.

cfc5/cfc1 are, while θc7 has a minor effect on cfc2/cfc1. The
center frequency(CF) of each passband can be defined as
below:

CF = fH − fL (65)

where fH and fL are the higher and lower cutoff frequency of
each passband.

As demonstrated in Fig.29, the S-parameter responses
of the wideband BPF are characteristics by utilizing the
transmission line model of Quad-bans BPF and Quint-
band BPF. The geometrical dimensions corresponding to
transmission line model of Fig.13 have been illustrated
in Fig.27.

Fig.31 shows the simulated current density distribution of
the designed BPFs at center frequencies. It can be observed
that the current is mainly concentrated on the Ya6 and its
symmetric segment of the Tri-band BPF at the first CF.
Furthermore, at the second CF of Tri-band BPF, the current
is mainly concentrated on the Ya2 to Ya3 and its symmetric
segment. And for the third CF, the current is mostly dis-
tributed on the Ya6 to Ya7 and its symmetric segment of
the Tri-band BPF as depicted in Fig.31(a). Subsequently,
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TABLE 1. Comparison with similar references.

FIGURE 30. Geometrical schematic of presented (a)Quad-band BPF
(b)Quint-band BPF.

the detailed current density distribution of the Quad-band
BPF and Quint-band BPF are illustrated in Fig.31(b)
and Fig.31(c).

IV. SIMULATION AND TEST RESULTS OF THE CIRCUIT
The Tri-band BPF, Quad-band BPF and Quint-band BPF are
simulated, fabricated, and evaluated to verify proposed the-
oretical design methodology. A photograph of the fabricated
BPFs is shown in Fig.32. The proposed ASRRs are fabricated

on the substrate of Rogers 4003C with a relative dielectric
constant of 3.55, thickness of 0.508 mm, and loss tangent
of 0.0027. By introducing a full wave electromagnetic (EM)
simulator, the detailed physical dimensions of the ASRRs
were optimized as follows, Tri band BPF: La1 = 5.1, La2 =

6.4, La3 = 1.5, La4 = 2.6, La5 = 18.5, La6 = 24.5, La7 = 21.3;
Wa1 = 0.7; Sa1 = 0.35, Sa2 = 0.35 (units: mm). Quad-band
BPF:Cb1 = 21.557pf; Lb1 = 20.5, Lb2 = 12.95, Lb3 = 3.425,
Lb4 = 2.7, Lb5 = 4, Lb6 = 35.25, Lb7 = 20.5, Lb8 = 9.5;
Wb1 = 0.77, Wb2 = 0.77, Wb3 = 0.74, Wb4 = 0.51, Wb5 =

0.78, Wb6 = 0.767, Wb7 = 0.839, Wb8 = 0.8; Sb1 = 0.115,
Sb2 = 0.115 (units: mm). Quint-band BPF: Cc1 = 43.014pf;
Lc1 = 20.5, Lc2 = 8, Lc3 = 6, Lc4 = 3.425, Lc5 = 3, Lc6 =

7.9, Lc7 = 36.05, Lc8 = 20.5, Lc9 = 9.8;Wc1 = 0.68,Wc2 =

0.767, Wc3 = 0.68, Wc4 = 0.61, Wc5 = 0.6, Wc6 = 0.075,
Wc7 = 0.71, Wc8 = 0.969, Wc9 = 0.9; Sc1 = 0.135, Sc2 =

0.135 (units: mm).
The frequency responses of the presented BPFs is

characteristics by using Anritsu MS4644 vector network
analyzer. The measurement results are compared with sim-
ulation results in Fig.33, which exhibits ideal agreement
between tested frequency responses and simulated frequency
responses.
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FIGURE 31. Current distribution at CF of operating frequencies.
(a) Tri-band BPF (b)Quad-band BPF (c) Quint-band BPF.

FIGURE 32. Photograph of fabricated prototype BPFs (a)Tri-band BPF
(b)Quad-band BPF (c)Quint-band BPF.

FIGURE 33. Comparison of measurement results between simulation
predictions. (a)Tri-band BPF(b)Quad-band BPF (c)Quint-band BPF.

V. CONCLUSION
Herein, we present the tri-/quad-/and quint band bandpass
filter based on transversal signal interference concepts in
this paper. The ABCD matrix Y matrix accompanied with

S matrix were adopted to analyze design methodology. The
filters are compact, independent and controllable frequency
band characteristics, and abundant transmission zeros. The
measurement results were in good agreement with the theo-
retical predictions. The proposed BPF can be easily proposed
with expanded frequency band designs, which make the
proposed filters attractive in multi-service wireless commu-
nication systems.
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