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A Miniaturized Reconfigurable Quad-Band Bandpass Filter
with W-Shaped SIRs
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Abstract—A novel quad-band bandpass filter (BPF) consisting of two deformed W-shaped microstrip
Stepped-Impedance Resonators (SIRs) with different dimensions is proposed. The W-shaped SIRs are
miniaturized from E-shaped SIRs, and each one of the SIRs generates two passbands and thus four
passbands centered at 3.18GHz, 4.51GHz, 5.46GHz, and 8.43GHz with fractional bandwidth of 6.7%,
9.1%, 8.4%, and 8.2% were obtained. Compared with the basic SIR structures and E-shaped structures,
the effective area of the miniaturized SIR is reduced by more than 60% and 20%, respectively. The
operating frequency bands can be determined by switching the diodes that are connected to the cross
coupling lines of the two SIRs. The improved design can be used for 5G and other applications.

1. INTRODUCTION

Multi-band bandpass filters (BPFs), which are key components of wireless systems, have become
increasingly important with the rapid growth of multi-service wireless communication networks [1].
Many different BPFs with different operation bands have been proposed in recent years to achieve this
goal [2–6]. Various techniques, such as loading distributed capacitors in the inner area of conventional
dual-mode loop resonators [7], employing meander-loop resonators [8, 9], open loop resonators, and
hybrid loading different resonators, can be used to produce dual-band operations.

Because of their spurious frequency response to create a higher passband, the stepped impedance
resonators (SIRs) have been employed to create dual-band BPFs [10–13]. As a result, generating another
passband utilizing single-band SIR BPFs is feasible.

Frequency reconfigurable filters allow for circuit simplifications and the implementation of
advanced capabilities in complicated subsystems, which is crucial for future communications system
applications [14]. As a result, in recent years, some reconfigurable filters have been proposed in which
different resonant responses are achieved by adjusting the dimensions of the resonant elements [15, 16].
However, increasing the length of the resonator as a reconfiguration option has significant challenges
that are difficult to overcome in practice.

We previously presented a quad-band BPF with two E-shaped SIRs and two cross-coupling
structures between the input and output feed lines [17]. Each one of the E-shaped SIRs corresponds to
the first four resonant frequencies, and two passbands can be easily created after combining with the
cross-coupling lines that generate three transmission zeros. Additionally, one of the E-shaped SIRs can
be selected to work and control the passbands of the proposed BPF by connecting or disconnecting the
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cross-coupling lines corresponding to the two SIRs with the middle common feed lines, resulting in a
choice between two sets of dual operating bands.

In this paper, we present a downsizing method for BPF to reduce its size without compromising its
performance. The miniaturized design incorporates new SIRs that are deformed W-shaped. Compared
to the original design, this design is approximately 20% smaller, while the performance is maintained.
Furthermore, the loading of diodes at the slots between the cross-coupling lines and the feed line is
proposed to enable switching between different operating modes. Controlling the functioning state of
the diode allows two sets of operating passbands to be swapped.

2. BASIC CONFIGURATION OF SIRS

2.1. Fundamental Theories

The structure of the widely used half-wavelength SIR is illustrated in Fig. 1, which can be seen
as three two-port networks cascaded together. Suppose that the impedance ratio of Z1 and Z2 is
K (K = Z2/Z1 > 1), then the admittance at the input terminal of the structure is:

Yin = jY2 ·
2(K tan θ1 + tan θ2) · (K − tan θ1 · tan θ2)

K(1− tan2 θ1) · (1− tan2 θ2)− 2(1 +K2) · tan θ1 · tan θ2
, (1)

Figure 1. Basic structure of a half-wavelength SIR.

From Eq. (1), the resonance condition (Yin = 0) can be obtained whenK = tan θ1 ·tan θ2. Assuming

θ1 = θ2 = θ, then the electrical length of the two shorter SIRs at both end should be θ = arctan
√
K,

and the electrical length of the middle microstrip line of the SIR is 2θ. With these conditions, Eq. (1)
can be rewritten as:

Yin = jY2 ·
2(K + 1) · (K − tan2 θ) · tan θ
K − 2(1 +K −K2) · tan θ

, (2)

Suppose that the fundamental frequency of an SIR with multiple stages is f1, and the first three
higher resonances are f2, f3, and f4 that correspond to electrical lengths of θ2, θ3, and θ4, respectively.
Then the following equations can be obtained from Eq. (2):

K · tan θ2 = ∞

tan2 θ3 −K = 0

tan θ4 = 0

, (3)

From Eq. (3), we can obtain the corresponding electrical lengths as:

θ2 = π/2

θ3 = tan−1(−
√
K) = π − θ

θ4 = π

(4)
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From Eq. (4), the relationship between the operating frequencies of the SIR can be determined by
their corresponding electrical lengths as follows:

f2
f1

=
θ2
θ1

=
π

2 arctan
√
K

f3
f1

=
θ3
θ1

= 2

(
f2
f1

)
− 1

f4
f1

=
θ4
θ1

= 2

(
f2
f1

) . (5)

Obviously, the resonant frequencies of the SIR depend on the impedance ratio (K). The impedance
ratio can be controlled by adjusting the length of either center and/or terminal microstrip lines.
Consequently, all responses of the design are predictable and can be controlled.

Figure 2 shows the configuration of the basic SIR with a cross-coupling line and the simulated
S-parameters. Setting K = 2 and f1 = 3.0GHz in equation Eq. (5), the frequency ratio f2/f1 ≈ 1.4,
f3/f1 ≈ 1.8, and f4/f1 ≈ 2.8, consequently, f2 ≈ 4.2GHz, f3 ≈ 5.4GHz, and f4 ≈ 8.4GHz. It can be
noted that the simulation results are in good agreement with the predicted ones.

(a)

(b)

(c)

Figure 2. (a) The first four resonances of the SIR. (b) Transmission zeros of the cross-coupling line.
(c) Configuration of the basic SIR with a cross-coupling line.

Due to the first four resonances of the SIR and the multiple transmission zeros created by the cross-
coupled line, connecting a cross-coupled line to the input and output feed lines of the SIR structure can
result in multiple passbands. The transmission zeros of the cross-coupling line are given in Fig. 2(b).
Therefore, by adjusting the length of the SIR and cross-coupling line, the first two resonant modes and
the first transmission zero (Tz1) can be formed into two passbands. The second and third transmission
zeros (Tz2 and Tz3) can provide a better band-stop effect at the high frequency band.
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2.2. Dual Deformed W-Shaped SIRs

According to the fundamental theories, a quad-band BPF based on the dual SIRs with cross-coupling
lines has been proposed. In order to reduce the effective area of the basic SIR, the terminal lines of the
SIR were bent to form deformed W-shape. Fig. 3 displays the structure of the proposed quad-band BPF
of dual deformed W-shaped SIRs, which consists of a ground plane, two deformed W-shaped SIRs with
different dimensions, and two sets of cross-coupling lines corresponding to each deformed W-shaped
SIR. The two sets of cross-coupling lines are connected in the middle to the common feed line.

The large deformed W-shaped SIR in Fig. 3(a) supports the two lower passbands of the quad-band
BPF, whereas the small deformed W-shaped SIR in Fig. 3(b) supports the two higher passbands of the
quad-band BPF. Fig. 3(c) illustrates the overall configuration of the quad-band BPF and the partial
enlargement of the slots created on the cross-coupling lines. Fig. 3(d) depicts a fabricated prototype of
the proposed design. The design was fabricated on a Rogers substrate (RO 4350C) with a thickness of
0.508mm and relative permittivity of 3.66. The dimensions are provided in Table 1.

(a)

(b)

(c)

(d)

Figure 3. Configuration of the dual deformed W-shaped SIRs quad-band BPF. (a) The large deformed
W-shaped SIR. (b) The small deformed W-shaped SIR. (c) Over all structure. (d) The prototype.

Table 1. Dimensions of the deformed W-shaped SIRs quad-band BPF (mm and degree).

Parameters L1 L2 L3 L4 L5 L6 W1 W2 W3 W4 α

Values 8.15 12.5 10.2 6.69 7.5 5.1 0.2 0.2 0.8 0.5 45

Figure 4(a) presents the simulation results of this design when all four side lines of the cross-
coupling lines are connected to the feed line. In this case, both the larger (denoted as SIR1) and smaller
(denoted as SIR2) deformed W-shaped SIRs are working simultaneously to provide four passbands.
The first, second, third, and fourth passbands are 3.07–3.29GHz, 4.29–4.73GHz, 5.29–5.71GHz, and
8.07–8.78GHz, which are centered at 3.18GHz, 4.51GHz, 5.46GHz, and 8.43GHz, respectively. The
fractional bandwidth of each passband in order are 6.7%, 9.1%, 8.4%, and 8.2%.

Figures 4(b) and (c) illustrate the simulation results of SIR1 and SIR2 when they work separately.
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(a) (b) (c)

Figure 4. Simulation results. (a) Both cross-coupling lines of SIR1 and SIR2 are connected to the feed
line. (b) Only cross-coupling lines of SIR1 is connected to the feed line. (c) Only cross-coupling lines
of SIR2 is connected to the feed line.

When the two cross-coupling lines of SIR1 are connected to the feed line and those of SIR2 disconnected,
the BPF has only the first and second passbands. On the other hand, the BPF has the third and
fourth passbands when cross-coupling lines of SIR2 are connected to the feed line and those of SIR1
disconnected. Such a special feature allows the design of a frequency reconfigurable BPF.

3. MINIATURIZATION AND DESIGN PROCESS

3.1. Miniaturization

By comparing Fig. 2(c) and Fig. 3(a), it can be observed that the effective area will be reduced by 62%
(the effective width of basic SIR will be lowered from 45mm to 16.3mm) if the length of each portion
of SIR is kept constant. By bending the resonant arms at both ends to form a deformed W-shape
structure, the effective area is lowered from 655mm2 to 249mm2.

The proposed deformed W-shaped SIRs BPF is a miniaturization design based on the E-shaped
SIRs [17]. We will present the design process in this section. By bending the two terminal lines of
the SIR to form E-shaped SIRs, the effective area has been reduced by 52% (the effective width of the
basic SIR has been lowered from 45mm to 21.6mm, and the effective area was lowered from 655mm2

to 314mm2).
The E-shaped SIR can be bent into a W-shaped SIR by bending it further. As illustrated in

Fig. 5(a), the length of the middle lateral component of the E-shaped SIR1 is kept constant and bent

(a) (b)

Figure 5. W-shaped SIR. (a) Configuration. (b) S-parameters of E-shaped SIR1 and the W-shaped
SIR1.
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in the direction of the feed line. After bending, the resonant arms on both sides create a W-shaped
structure. With this adjustment, the SIR1’s effective area can be lowered by 53% (from 655mm2 to
305mm2) compared to the basic SIR structure and by 2.9% (from 314mm2 to 305mm2) compared to
the E-shaped structure. The passbands, however, are all pushed toward higher frequencies, as illustrated
in Fig. 5(b). Fortunately, these changes can be overcome by altering the length of each portion of the
W-shaped SIR.

Furthermore, as depicted in Fig. 6(a), this W-shaped structure can be further twisted to form a
deformed W-shaped structure with resonant arms on both sides. The degree of bending can be changed
to increase or decrease the effective area of the SIR by adjusting the value of α. The high and low
passbands of the deformed W-shaped SIR will increase as the bending angle α lowers, as shown in
Fig. 6(b). The narrower the bend angle is, the bigger the effective area reduction can be deduced from
Fig. 6(a).

(a) (b)

Figure 6. Deformed W-shape SIR and its S-parameters. (a) Configuration. (b) S-parameters with
different bending angles.

As demonstrated in Fig. 6(b), when the middle resonant arm of this E-shaped SIR is bent at
an angle of α = 45◦, there is little influence on the two passbands. However, the effective area of the
deformed W-shaped SIR structure is reduced by 62% compared with the basic SIR structure. Compared
with the E-shaped structure, the effective area of deformed W-shaped structure is reduced by 21% (from
314mm2 to 249mm2).

Because additional microstrip lines are required for connection at the turning point of the middle
bending arm, and the resonant arms on both sides are cut into oblique triangles due to the connection
part, the equivalent θ1 increases, and θ2 decreases in this deformed W-shaped structure, as shown in
Fig. 1. The corresponding high-order resonance frequencies will then increase according to Eq. (5).

Figure 7 compares the transmission characteristics between the deformed W-shaped SIR and E-
shaped SIR when α = 45◦. This figure clearly shows that all resonances of the deformed W-shaped
SIR have been shifted towards higher frequencies. According to the fundamental theories, the passband
frequency point constituted by the deformed W-shaped SIR and the cross-coupling lines will increase,
which verifies our speculation about the shift of this passband of the dual-passband filter to a higher
frequency band.

3.2. Design Process

Based on the previously described theories, the design process can be broken down into four steps: To
begin, two filters of various dimensions are built separately, and each deformed W-shaped SIR and its
cross-coupling lines constitute a dual band BPF, as depicted in Fig. 8(a). To achieve the port isolation
criteria, two SIRs are mounted on the same substrate with a specific distance between the feed lines,
as shown in Fig. 8(b). The cross-coupling feed lines that connect the two SIRs are then configured to
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Figure 7. The first four resonant modes of the deformed W-shaped SIR with α = 45◦ and the E-shaped
SIR.

(a) (b)

(c) (d)

Figure 8. Design process. (a) Two independent deformed W-shaped SIR filters. (b) Share the same
substrate. (c) Share the same feed line. (d) Break slots created on the cross-coupling lines.

share a single feed line as displayed in Fig. 8(c). Finally, the cross-coupling lines are disconnected to
install the switches as illustrated in Fig. 8(d).

As depicted in Fig. 9(a), when SIR1 and SIR2 are integrated on the same substrate, the isolation
of the two input ports increases with the distance between their feed lines. For instance, it is greater
than 20 dBc in all desired frequency bands when the distance is larger than 2mm.

Comparing Figs. 8(b) and (c), we notice that the effective area of this quad-band BPF can be
reduced by at least 14% by sharing the same feed line and considering that the port isolation is greater
than 20 dBc. Figs. 9(b) and (c) show how the other disconnected SIR affects the performance of the
connected SIR by comparing the simulated S-parameters of the design shown in Fig. 8(d) under different
operation statuses with those of the design shown in Figs. 4(b) and (c).

From Figs. 9(b) and (c), we can notice that SIR2 has some impact on the resonant frequencies
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(a) (b) (c)

Figure 9. The isolation between the two input ports of SIR1 and SIR2 of Fig. 8(b) and the interaction
of two SIRs of Fig. 8(c). (a) Isolation. (b) S-parameters of SIR1 working alone. (c) S-parameters of
SIR2 working alone.

of SIR1 even if SIR2 is disconnected. The center of the low-passband of SIR1 shifts slightly towards
the higher frequencies while the center of the high-passband remains basically unchanged. Besides, the
bandwidth of both passbands is slightly reduced. On the contrary, when SIR1 is disconnected, both
passbands of SIR2 shift slightly to lower frequencies, while the bandwidth at two frequencies remains
basically unchanged.

4. SWITCHING MECHANISM

Disconnecting and reconnecting the slots on the cross-coupling lines to switch between two sets of
passbands cannot meet the requirement of rapid switching in practice. To provide the function of rapid
switching, diodes are used to connect the slots. Fig. 10(e) depicts the appropriate positions of the diodes
in our design. When the diode is in the on-state, it is equivalent to 0.5Ω resistance, and when it is in
the off-state, it is equivalent to 0.25 pF capacitance. The influence of the diode in the cross-coupling
lines on the S-parameters of each independent SIR in Fig. 8(a) is shown in Figs. 10(a) and (b). From
Figs. 10(a) and (b), the use of diodes as switches has negligible effect on the S-parameters of the BPF.
Therefore, it is feasible to use diodes to integrate or separate the two SIRs.

For the final minimized design, that is Fig. 8(d), when a high voltage is provided to the middle
common feed line in the connection mode shown in Fig. 10(e), the top two diodes (denoted as No. 1)
turn on, while the bottom two diodes (denoted as No. 2) remain off. In this condition, the cross-coupling
lines corresponding to SIR1 are in the connected state, while the cross-coupling lines corresponding to
SIR2 are in the disconnected state. As a result, the SIR1 on the top side will be activated while the
SIR2 on the opposite side will not be, resulting in two lower frequency passbands in the design. The
S-parameter of the structure in this situation is illustrated in Fig. 10(c). If a low voltage is provided
to the common feed line, the No. 1 diodes will be turned off, while the No. 2 diodes will be turned on.
Reversing the applied voltage leads to disconnecting SIR1 and connecting the SIR2, and thus the SIR1
will not be working, and the SIR2 will be working, resulting in two higher frequency bands. Under this
condition, the S-parameter of the structure is revealed in Fig. 10(d).

If No. 1 and No. 2 diodes are powered separately, the two sets of diodes can be in the on-state
at the same time, thus realizing the quad-band BPF with SIR1 and SIR2 working simultaneously. A
comparison of the S-parameters of this quad-band BPF with all diodes in on state and the S-parameters
of Fig. 4(a) with all slots connected on the cross-coupling lines is shown in Fig. 11. From Figs. 10(c)
and (d), it can be found that the mode of switching with diodes has small effect on the interested
frequency band of SIR1, but the center frequency point of the higher passband of SIR2 will be shifted
by 180MHz in the direction of high frequency. As can be seen from Fig. 11, introducing diodes keeps
all passband widths of the filter almost constant with slight shift in the center frequency, especially for
the fourth passband.
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(a) (b)

(c) (d)

(e)

Figure 10. Impacts of diodes and the illustration of the connection position of the diodes. (a) S-
parameters of separately SIR1 with and without diode on corresponding cross-coupling lines. (b)
S-parameters of separately SIR2 with and without diode on corresponding cross-coupling lines. (c)
S-parameters of SIR1 with and without diode on corresponding cross-coupling lines of the final design.
(d) S-parameters of SIR2 with and without diode on corresponding cross-coupling lines of the final
design. (e) The connection position of the diodes.

Figure 11. Comparison between S-parameters of the filter with all diodes in on state and the S-
parameters of the filter by connect all the slots on the cross-coupling lines.

5. MEASUREMENT RESULTS

A miniaturized quad-band BPF consisting of two deformed W-shaped SIRs with a bending angle of
45◦ was fabricated, which is shown in Fig. 3(d). The diodes are connected on its appropriate positions
through golden wires.

The transmission characteristic of the dual deformed W-shaped SIR BPF shown in Fig. 8(d) was
measured with SIR1 and SIR2 connected simultaneously, and the results are shown in Fig. 12(a).
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(a) (b)

Figure 12. The measured transmission characteristics of the dual deformed W-shaped SIRs BPF. (a)
Measured transmission characteristics. (b) Measured transmission characteristics with different working
models.

Table 2. Simulation and measurement passbands with different working models (GHz).

Working models First PB Second PB Third PB Fourth PB

No. 1 diodes on, No. 2 diodes off
sim. 2.95 sim. 4.53 / /

mea. 3.06 mea. 4.46 / /

No. 1 diodes off, No. 2 diodes on
/ / sim. 5.53 sim. 8.41

/ / mea. 5.47 mea. 8.53

No. 1 diodes on, No. 2 diodes on
sim. 3.18 sim. 4.51 sim. 5.46 sim. 8.43

mea. 3.09 mea. 4.42 mea. 5.52 mea. 8.65

The measured and simulated results are in good agreement. The deformed W-shaped SIRs BPF was
measured with diodes utilized as switches. The measurement results are presented in Fig. 12(b), and
the comparison results are summarized in Table 2.

Table 3. Comparison among other reported filters.

Ref. Area (mm2) Frequency band (GHz) Reconfigurable

[3] / 1.3–1.5, 2.36–2.6, 3–3.54 yes

[4] > 445.2/ > 816.96 1.85–3.03/1.61–1.99, 2.26–2.64 no

[5] 0.15λg ∗ 0.15λg 2.55, 3.91 with band width of 13%, 5.4% no

[6] 0.079λg ∗ 0.193λg 0.9, 1.85 with band width of 16.3%, 10.7% no

[10] / 1.576–1.628, 1.558–1.618, 1.550–1.611 yes

[11] > 7091.92
1.57 with 9.9% band width,

2.38 with 6.5% band width
no

[12]
0.65λg ∗ 0.38λg

with Roger 5880
1.4, 2.57 with band width of 12.7%, 10.11% no

[13] 360 3.7, 5.8 with band width of 31%, 13% no

[15] 2734.29 Center from 1.04 to 1.38 reconfigurable yes

[17] 314
3.30, 4.83, 5.825, 8.65 with band width

of 6.7%, 9.1%, 8.4%, 8.2%
yes

This work 249 3.07–3.29, 4.29–4.73, 5.29–5.71, 8.07–8.78 yes
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From Fig. 10(c), when the No. 1 diodes are in the on-state and No. 2 diodes in the off-state,
SIR1 has a resonance near 5.6GHz, and this resonance band overlaps with the first passband of SIR2,
which will inevitably have an effect on the first passband of SIR2. As a result, the bandwidth of the
third passband of this quad-band BPF becomes narrower when all diodes are in the on state. Table 3
compares the proposed work with other filters.

6. CONCLUSIONS

A novel quad-band passbands filter based on the design of dual E-shaped SIRs is introduced. It consists
of a large and a small deformed W-shaped SIR SIRs with a common input and output feed line, and two
cross-coupling structures connected to the feed line. The simulated results show that the first passband
is 3.07–3.29GHz; the second pass band is 4.29–4.73GHz; the third pass band is 5.29–5.71GHz; and
the fourth pass band is 8.07–8.78GHz. Compared with the basic SIR structure and E-shaped one,
the effective area of the miniaturized design is reduced by 62% and 21%, respectively. The diode is
introduced as a switch to control the working state of each SIR to achieve the reconfiguration function
of the passbands of the quad-band BPF. Due to its reconfigurability, the design can be used for 5G
applications.
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