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This paper presents a dual-band band-pass filter using modified cross-coupled step-impedance and capacitively loaded hairpin
resonators for WLAN systems. The proposed filter has been designed to operate at a fundamental frequency of 2.4 GHz and
the first harmonics frequency of 5.2 GHz. The techniques of step impedance and load capacitor are combined in the design of
the proposed filter. In particular, the techniques of modified cross-coupling and overlap resonators are applied to improve the
response of insertion losses Sy; at the first harmonic frequency of 5.2 GHz. The simulated and experimental results of insertion
losses and return losses are better than 3 dB and 20 dB, respectively, at the operating frequencies.

1. Introduction

Wireless communication systems have been growing rapidly
in many applications. Wireless Local Area Networks
(WLAN) are widely used in many countries. The most widely
used standard WLAN on IEEE 802.11b/g/a is provided at
the operating frequencies of 2.4 GHz, 5.2 GHz, and 5.8 GHz,
respectively. A band-pass filter is an important device which
is composed in the front end of WLAN systems. Band-
pass filters have been researched and developed with many
materials. There has been keen interest in microstrip band-
pass filters also, due to ease design, compact size, and low
cost.

Currently, several techniques such as a step-impedance
technique [1-8], a capacitive load technique [9-13], and a
dual-mode technique [14-19] have been applied to design
the resonators for band-pass filters. The step-impedance
resonator (SIR) [1-4] can shift the first harmonic of resonant
frequency to any frequency, due to the different ratio
between the impedances of resonator. Also, a step-impedance
resonator can be redesigned as a hairpin line resonator in
order to reduce size to the electrical length of approximately
Ag/2. Additionally, the capacitive load technique [9-12] can

be applied to design the resonators for reduced size and
shifting of the first harmonic of resonant frequency to any
frequency, the effects of which are achieved by changing
the capacitive load. However, it is important to design the
coupling between resonators of band-pass filters. The most
typical coupling between resonators include parallel, hairpin
line resonator and cross-couplings [14—16]. In particular, the
cross-coupling can improve the characteristics of band-pass
filters, such as shape of insertion loss and transmission zero.

This paper presents a dual-band band-pass filter using
modified cross-coupled step-impedance and capacitively
loaded hairpin resonators for WLAN system, which is
designed to operate at the fundamental and first harmonic
of resonant frequencies of 2.4 GHz and 5.2 GHz, respectively.
The techniques of step-impedance, capacitively loaded, and
modified cross-coupling are applied to design the proposed
filter. Moreover, the overlap resonators technique resulting in
the coupling effect of our proposed filter will be investigated
by simulation using full-wave method of moment (MOM)
software package from IE3D [20] at the resonant frequencies.

The organization of this paper is as follows. In Section 2,
a brief explanation on the proposed filter design will be given.
Then, the investigation and experiment of the properties for
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F1GURE 1: The configuration of the proposed filter with modified cross-coupled band-pass filter.
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Ficure 2: Configuration of step-impedance line resonator. (a) Basic structure of SIR. (b) Folded SIR.
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F1GURE 3: The simulated results of folded SIR.
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FIGURE 4: Schemetic of the miniaturize hairpin resonator and equivalent circuit of SIR. (a) Geometrical diagram of the miniaturized hairpin
resonator and (b) a simplified equivalent circuit of SIR with internal coupled line.
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F1GURE 5: The result of simulation / to examine a resonance of capacitively loaded transmission.

coupling between resonators of the filter will be discussed in
Section 3. Finally, the results are discussed in Section 4.

2. Design of the Proposed Filter

Figure 1 shows the modified cross-coupled band-pass filter,
consisting of the step-impedance resonators 1 and 4 and the
inner capacitively loaded resonators 2 and 3, respectively. The
proposed filter is fabricated on GML 1000 dielectric substrate
with a thickness of 0.762 mm, a relative permittivity of 3.2
(&), and a loss tangent of 0.004. The design of the step-
impedance and capacitively loaded resonators are illustrated
below.

Figure 2(a) shows the configuration of the SIR basic
structure, which is created to a folded SIR as shown in
Figure 2(b). The folded SIR is designed to operate at the fun-
damental and first harmonic resonant frequencies of 2.4 GHz
and 5.2 GHz, respectively. The folded SIR was defined by

the impedance ratio between impedance Z, and impedance
Z1 [1-3]. In this paper, the impedances Z, = 70Q and
Z1 = 58 are chosen, resulting in the operating frequency
of the first harmonic resonant frequency at 5.2 GHz. Also,
the appropriate parameters of the folded SIR, as shown in
Figure 2, are W = 1.43mm, L; = 12.15mm, W, = 1 mm,
and L, = 11.25mm. Therefore, the results of return loss
(811) are computed by simulation software IE3D, as shown in
Figure 3. It can be clearly seen that the resonant frequencies
are occurred at 2.4 and 5.2 GHz, respectively.

The schematic and equivalent circuits of the capacitively
loaded resonators are depicted in Figures 4(a) and 4(b),
respectively, which are designed on fundamental frequency
at 2.4GHz and first harmonic frequency at 5.2 GHz as
the same as step-impedance resonators. Especially, Z3, 0,
are the characteristic impedance and electrical length of
transmission line and Zy, 0, are the characteristic impedance
and electrical length of coupled line. Also, the loaded
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FIGURE 6: Typical coupling coefficients of the proposed filter without overlap resonators (a) electric coupling coefficients, (b) magnetic

coupling coefficients, and (c) mixed coupling coefficients.

capacitance Cp which occurs by coupling between the
impedance of coupled line is calculated in (1). Following the
results in [10, 12], the loaded capacitance Cy, can reduce the
electrical length of transmission line from A/2 to A/4 smaller
than step-impedance resonators. In addition, it is concordant
with first harmonic frequency that made desired frequency
of resonators as (2) and (3). The fy, fu1, Os0, and 6s; are
fundamental frequency, first harmonics frequency, electrical
length at the fundamental frequency, and electrical length at
first harmonics frequency, respectively. The simulated results
of capacitively loaded resonator show that the resonant
frequencies are at 2.4 and 5.2 GHz, as illustrated in Figure 5.

tan 0,
CL=——, 1
L 24w (1)

Oso = 2tan ! ( (2)

1
ﬂﬁ)Z3CL>’
Os1 = 2 — 2tan ! (ﬂfH1Z3CL). (3)

Therefore, the appropriate parameters of the capacitively
loaded resonator are as follows: W3 = 0.5mm, W, =
1.255mm, L3 = 7.6 mm, Ly = 7.2mm, and L; = 6.41 mm
to operate at the fundamental and first harmonic resonant
frequencies of 2.4 GHz and 5.2 GHz, respectively.

Finally, the modified cross-coupling technique [15, 16]
is used in the proposed filter as shown in Figure 1. The
four resonators are properly placed in the structure for
appropriate coupling to obtain a pattern of a Chebyshev
ripple constant 0.001. The fractional bandwidth of the
fundamental frequency band of 83 MHz (3.45%) and the
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FiGgure 7: Simulated responses of the proposed filter without overlap resonator.

F1GURE 8: The proposed filter with overlap distance h between resonators along y axis (a) shifted up and (b) shifted down.

fractional bandwidth of the 5.2 GHz band of 200 MHz
(3.84%) are used to calculate the coupling coefficient k;;.
The low-pass prototype of the proposed filter is calculated
and obtained: g = 1, &1 = 0.7533, ¢&» = 1.16552, ]} =
—0.4513, and J, = 1.05789. The external quality factors are
Qei = Qeo = 21.5225. The coupling coefficients between the
adjacent resonators can be found to be ki, = k34 = 0.037353,
kys = 0.03176, and k4 = 0.020974, which the coupling
coefficients of k12, k34, ko3, and ki4 at the resonant frequencies
of 2.4 GHz and 5.2 GHz are identical.

The simulated resonant frequency response of the modi-
fied cross-coupled resonator structures is illustrated in [16].
The obtained lower and higher resonant frequencies, that
is, fo and fp, respectively, from the connection between
resonators are readily identified by the two split resonant
peaks. In order to simulate the frequency responses of these
conventional coupling coefficients, the full-wave method of
moment (MOM) software package from IE3D was exploited.
The coupling coefficient can be graphically approximated

from these two resonant frequencies and obtained by using
the following equation:

K" — sz - faz.
! fb2+fa2

The conceivable coupling coefficient curves against the
distance d for the electric, magnetic, and mixed couplings,
respectively, are depicted in Figure 6. The results show that it
can be clearly seen that the coupling coefficients of electric,
magnetic, and mixed couplings decrease as the distance D
increased. In order to determine the distance D, the coupling
coefficients K;; are selected at the sufficiently intersection
point between the coupling coefficients Kj; of 2.4 GHz and
5.2 GHz.

When calculated as previously mentioned, the appropri-
ated electric coupling coefficient k14 = 0.020974 is used to
determine the distance Dj4 from the Figure 6(a), where the
suitable distance D4 is approximately 0.23 mm. As depicted

(4)
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FIGURE 9: Simulated responses of the proposed filter using overlap resonators technique by varying distance 4 along (a) y axis at fundamental
resonant frequency 2.4 GHz, (b) y axis at fundamental resonant frequency 2.4 GHz, (c) y axis at fundamental resonant frequency 5.2 GHz,

and (d) y axis at first harmonics resonant frequency 5.2 GHz.

in Figure 6(b), the appropriated magnetic coupling coeffi-
cient k3 = 0.03176 is chosen to determine the distance D;3,
which is approximately 0.74 mm. Also, The mixed coupling
coefficient ki, = kss = 0.037353 is used to determine the
distance D;, and Ds4, which are approximately 0.435 mm,
as illustrated in Figure 6(c). Therefore, the appropriated
parameters Dy 0.23mm, D3 = 0.74mm, and D;;
D34 = 0.435mm are used to design the proposed filter for
investigation and experiment in the next section.

3. Implementation and Results

This section presents and discusses the experiment on the
properties of coupling between resonators. In the previous

section, the appropriated parameters D4 = 0.23 mm, D3 =
0.74mm, and Dj» D 0.435mm were used to
design the proposed filter, which responds to the operating
frequency of the fundamental and first harmonic resonant
frequencies at 2.4 GHz and 5.2 GHz, as depicted in Figure 7.
In this figure, it is obvious that the insertion losses of the
fundamental and first harmonic resonant frequencies are
1.51 dB and 2.89 dB, respectively. Also, the return losses and
bandwidth of the fundamental and first harmonic resonant
frequencies are 18.12dB, 12.68 dB, 100 MHz, and 270 MHz,
respectively. Following the results show in Figure 7, the
insertion losses of the first harmonic resonant frequency
are nearly 3 dB, resulting from the out-of-phase coupling
between each resonator. In order to improve the coupling
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F1Gure 10: Simulation results of the magnetic and electric fields on the proposed filter at (a) the fundamental resonant frequency of 2.4 GHz
without overlap resonator, (b) the first harmonics resonant frequency of 5.2 GHz without overlap resonator, (c) the fundamental resonant
frequency of 2.4 GHz with overlap resonator at the distance 4 = 1.5mm along y axis, and (d) the first harmonics resonant frequency of
5.2 GHz with overlap resonator at the distance h = 1.5 mm along y axis.

between resonators, the overlap resonators method will be
used and further investigated.

From the overlap resonators, resonators 3 and 4 will
be shifted up and down along the y axis, as illustrated in
Figure 8, which the overlap distance of the resonators varied
by the parameter 4, and the parameters of D13, D,3, D34, and

Dy still not changed, held constant. The simulated results of
the proposed filter with overlap resonators along y axis are
illustrated in Figure 9.

Figures 9(a) and 9(b) show that the return losses and
insertion losses at the fundamental resonant frequency are
slightly changed by varying the parameter 4. Also, the return



FiGUurg 11: Photograph of the proposed filter with overlap res-
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FIGURE 12: Simulated and measured responses of the proposed filter
with overlap resonators.

losses and insertion losses at the first harmonic resonant
frequency are affected by varying the parameter h, as shown
in Figures 9(c) and 9(d).

According to the results illustrated in Figures 9(c) and
9(d), it can be clearly seen that the levels of insertion losses
in both figures are similar. However, the level of the return
losses in Figure 9(c), which are lower than 20 dB, are better
than those seen in Figure 9(d), which are higher than 20 dB.
Also, the appropriated parameter & = 1.5 mm is selected to
improve the insertion losses at the first harmonic resonant
frequency of the proposed filter, as shown in Figure 9(c).

Additionally, the simulated results of electric field on
the proposed filter with and without overlap resonators are
illustrated in Figure 10.

Figure 10(a) shows the coupling effects of the proposed
filter without overlap resonators at the resonant frequency
of 2.4 GHz. Here, the mix coupling effects are achieved by
the coupling between resonators 1 and 2, also, resonators 3
and 4. The magnetic coupling, as shown in magnetic filed,
between resonators 2 and 3 is robust, particularly the electric
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coupling, as shown in electric field, between resonators 1 and
4 is weak. Therefore, the level of insertion loss at the resonant
frequency of 2.4 GHz is lower.

Figure 10(b) shows the coupling effects of the proposed
filter without overlap resonators at the resonant frequency of
5.2 GHz. It can be clearly observed that the mix and magnetic
coupling effects are similar to those illustrated in Figure 10(a)
but the magnetic coupling, shown as magnetic field, between
resonators 2 and 3 decreases, and also, the level of insertion
loss is higher and the electric coupling, shown as electric
field, is strong due to the coupling between resonator 2 and 3
at the higher frequency as same as capacitance. Therefore, the
coupling between resonator 2 and 3 affects more electrical
coupling than magnetic coupling at higher frequency.

The coupling effects of the proposed filter with overlap
resonators at the resonant frequency of 2.4 GHz are depicted
in Figure 10(c). The mix coupling was achieved by coupling
between resonators 1 and 2, also, resonators 3 and 4, which
are both in phase. Additionally, the mix coupling effects
occurred by coupling between the resonators 1 and 3, as well
as 2 and 4 are in phase with the magnetic coupling resulted
by coupling between resonators 2 and 3. Also, the level of
insertion loss is lower.

Figure 10(d) illustrates the coupling effects of our pro-
posed filter with overlap resonators at the resonant frequency
of 5.2 GHz. It was found that the mix, electric, and magnetic
coupling effects are similar to those shown in Figure 10(c).
However, the electric coupling, as shown in the electric fields,
is that the results of the coupling between the resonators
1 and 3, as well as 2 and 4, and electric coupling, as in
the coupling between the resonators 2 and 3 are in phase,
resulting to increasing the coupling results of band-pass filter.
Also, the level of insertion loss is improved to lower than 3 dB
at the first harmonic resonant frequency of 5.2 GHz.

The appropriate parameters Dys = 0.23mm, Dy; =
0.74mm, D1, = D3y = 0.435mm, and # = 1.5mm are
chosen to design the proposed filter with overlap resonators,
fabricated on a GML 1000 dielectric substrate with a
thickness of 0.762 mm, relative permittivity of 3.2 (e,), and
loss tangent of 0.004. The size of the proposed filter with
overlap resonator is approximately 2 X 3 cm?, as depicted in
the prototype of the proposed filter with overlap resonators
(Figure 11). The fabricated filter was measured on an Agilent
8791ES network analyzer, with the simulated and measured
results illustrated in Figure 12. It can be clearly seen that the
simulated and measured results are in good agreement, with
both the passband insertion losses of the fundamental and
first harmonic resonant frequency at 2.4 GHz and 5.2 GHz,
which are approximately 1.5dB and 2.2 dB, respectively. As
clearly evident from the results, the pass-band insertion
loss of the first harmonic resonant frequency at 5.2 GHz
was improved because the in-phase mix coupling between
overlap resonators was found by our investigation.

4. Conclusions

A dual-band band-pass filter using step-impedance and
capacitively loaded hairpin resonators for Wireless LAN
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systems has been proposed and investigated. The proposed
filter was compact in size, resulting from using the modified
cross-coupling technique. Also, the first harmonic resonant
frequency could be shifted by using the step-impedance
and capacitively loaded resonator technique. Moreover, the
technique of overlap resonator was used to improve the
level of insertion losses, with approximately 2.2 dB, at the
first harmonic resonant frequency of 5.2 GHz. Therefore, the
proposed filter can operate at the resonant frequencies of
2.4 GHz and 5.2 GHz for supporting the WLAN system.
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