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Abstract—This paper develops a novel design method for synthesiz-
ing the multi-passband filter with high flexibility in various passband
location and fractional bandwidth. Using the proposed compensation
technology in the equivalent circuit of multi-passband resonator, the
cutoff frequencies and matching property in passband regions can be
improved. Triple- and quad-band bandpass filters operating in both
wireless local area network (WLAN) 802.11 a/b/g and worldwide in-
teroperability for microwave access (WiMAX) systems are presented
to verify the design method. The lumped-element coplanar waveg-
uide stub fabricated by the split-ring resonator is established to realize
filter with compact size. All the measured, full-wave simulated and
equivalent-circuit modeled results illustrate a good agreement among
them, which validates the multi-passband design methodology and
shows the advantages of DC elimination and deep rejection between
each passband.

1. INTRODUCTION

The recent demand for multi-standard wireless and mobile communi-
cation system encourages research toward portable devices with multi-
mode feature. Integrating various standards into a single wireless sys-
tem with multi-band components [1-3], leading to size miniaturization
and cost reduction, is an inevitable technology trend in the future.
Compared with the waveguide filters in RF front-end module [4, 5],
the essential multi-passband filter fabricated in printed circuit board
technology provides the best candidate for multi-mode wireless mo-
bile system due to its low profile, low cost and easy interconnection
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with other components. Moreover, the passive devices using lumped
elements can be realized by advanced fabrication process, such as low
temperature co-fired ceramic [6] and integrated passive device [7, 8],
and thus play a vital role in the development of highly integrated RF
front-end module.

Numerous approaches for dual- and triple-passband filter synthesis
were presented based on the techniques of frequency transformation
and coupling matrix. However, most of these studies considered only
the filters with specific passband response [9-13], and few researches
address the method of generalized design [14-16]. However, these filters
are designed to have narrow bandwidth and limited passband and
stopband regions. Moreover, the dual-behavior resonator is applied
to split a wide passband into multiple passbands, but the frequency
response of each passband is difficult to manipulate independently [16].
With different number of passbands required for stepped-impedance
resonator, the graph of design parameters, i.e., impedance and
electrical length ratios, should be re-considered [12, 13].

In this study, a generalized methodology for synthesizing
the multi-passband filter using lumped-element coplanar waveguide
(CPW) resonator is presented. Compared to the dual-passband filter
design with impedance-matching condition and phase and impedance
compensation shown in authors’ previous work [17], the proposed
design procedure makes the inverters at each center frequency of
passbands identical and thus the impedance-matching condition can
be removed. Hence, it is more suitable for multi-passband filter
synthesis than other previous studies [12,1316-18]. Moreover, the
susceptance compensation is used to correct the inconsistency of
frequency response of multi-passband resonator and the necessity of
susceptance compensation on multi-passband filter design is verified by
comparing two different filter specifications. The phase and impedance
compensation are also adopted to improve the narrowband admittance
inverter and to transform the impedance of multi-passband filter into
characteristic impedance Zy. Finally, the triple- and quad-passband
filters operating within the wireless local area network (WLAN) 802.11
a/b/g and worldwide interoperability for microwave access (WiMAX)
bands are implemented by using the novel lumped-element CPW
resonators to validate the multi-passband design procedure. Therefore,
the proposed design methodology is suitable for the development
of multi-passband filter with controllable passband and stopband
locations and different fractional bandwidths.  Additionally, the
presented triple- and quad-passband filters have the advantages of DC
elimination, compact size, and deep rejection between each passband.
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2. DESIGN METHOD

2.1. Fundamental of Multi-passband Filter Design

Figure 1(a) shows the generalized multi-passband filter network,
and Fig. 1(b) indicates the multi-passband frequency response
characterized by the 3-dB band-edge frequencies, (wr1, wmi),
(wr2, wH2), - ., and (Wrm, Wim), where m is the number of passband.
The shunt resonator B; in Fig. 1(a) is the multi-passband resonator
shown in Fig. 2, and its input admittance can be expressed as
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Figure 1. (a) Generalized equivalent-circuit network with admittance
inverters and shunt multi-passband resonators. (b) Frequency response
of the multi-passband filter.
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Figure 2. Equivalent multi-passband resonator with m blocks.

are given, the capacitances and inductances of the lossless equivalent
multi-passband resonator can be determined by

2h
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where Zjy is the characteristic impedance of multi-passband filter,
and we = (wr; +wpi)/2 and A; = (wg; —wri)/we are the central
frequency and fractional bandwidth of each passband, respectively.
Note that h is a constant and can be determined arbitrarily to
obtain a reasonable admittance inverter for filter implementation [19].

Moreover, the filter specification w.; is equal to w?“, so that the
elements in each block can be determined for each corresponding
passband response. Furthermore, in order to examine multi-passband
filter design, the equivalent network (Fig. 2) is divided into m blocks
as shown in Fig. 3 and thus the corresponding input admittance for
each resonant block can be obtained by
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Figure 3. Individual resonant block of the equivalent multi-passband

resonator shown in Fig. 2.

Regarding each passband with respect to the corresponding resonant
block, the admittance inverters can be represented by [17]

; Z
B _ %o
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which indicates that the impedance matching condition can be
achieved at central passband frequency w.;. The length of admittance
inverter is A\y/4 at central stopband frequency wp = W#, where
Ag is the guided wavelength. However, the frequency response of the
Bj.1 y Bj2 yBim

input admittance in each resonant block, i.e., ¥, 7", Y77, ... Yo
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may not coincide with that of the whole equivalent multi-passband
resonator Ym] at each individual passband region, which leads to the
discrepancy in each passband bandwidth. Hence, the susceptance

compensation is proposed to improve the deviation.

2.2. Susceptance Compensation

Following the above design procedure, the multi-passband resonator

gives ij )t Yz'{z at w.;. However, the frequency response of the
equivalent circuit Of multi-passband resonator shown in Fig. 2 is not
equal to the passband region of the individual resonant block (Fig. 3),
and thus Eq. (1) is not identical to Eq. (5) at the frequency of
interest: (wr1, wgi) for the first passband, (wr2, wps) for the second
passband, ..., and (wrm, wim,) for the m-th passband, which shows
that the discrepancy is occurred between the design and specification.
Accordingly, the susceptance compensation to correct the deviation is
presented by equating Y. . to YB] " at each 3-dB band-edge frequency,

ing
and thus we have
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The iterative process is used to determine L]IZ p and C’j{ ,p based on (9)
and (10). Hence, the susceptance compensation condition is satisfied
and consequently the equivalence of input admittances YZ'{U = YB] U s

established at each 3-dB band-edge frequency.

2.3. Phase and Impedance Compensation

To improve the narrowband property of admittance inverter and
to transform the impedance of multi-passband filter to Zy at each
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central passband frequency, the phase and impedance compensation
are applied by adding the following capacitances into the corresponding
multi-passband resonators [17]:
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L, and Cj; are determined by (3)-(4).

v

b} is determined by (7).

v

L;Y,.P and CJIAJ.P are determined by solving (9) and

(10) with iterative process.

v

PIC is completed by using (11), (12), and (13) and thus
C!; is given by (14), (15), and (16).

v

1. Substituting Cj, and L!, into the right-hand
side of (9) and (10).
2. Letting L, and Cj, are the unknown variables

on the left-hand side of (9) and (10) so that the final
elements can be obtained by iterative process.

v

Done

Figure 4. Complete flowchart of multi-passband filter design
methodology. Phase and impedance compensation: PIC.
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1 —sin (wgn’iW/pr)
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Then the total capacitances in each resonant block can be obtained,
respectively,

Cll,iT = Cll,iP + CBi + Cb?; (14)
Cj{l*l,iT = Cj{l*l,iP +20] g+l (15)
Cé,iT = Cé,iP +cly nt ch 1 (16)

Figure 4 depicts the complete design flowchart of the multi-
passband filter synthesis methodology, and the equivalent network
of multi-passband filter is illustrated in Fig. 5. However, because
the phase and impedance compensation deal mainly with the
admittance inverter by regarding each resonant block independently,
the susceptance compensation presented in Fig. 4 should be applied
again, so that the final inductance LJIZF and capacitance C iF are
determined.

O s oL 120 1= Zeaaslam . ane]
l IF G, :r *:_ : CI:.IF L‘;.]F (.‘.:.u'
F Cl:.:r L;.:;-' (-1::;-'

Figure 5. Equivalent-circuit model of the 3rd-order multi-passband
filter.

( !
3,mF, 3mF

To validate the necessity of compensation technology, two multi-
passband filters with significantly different specifications are presented
for comparison. Cases I and II are the quad-passband responses
with various passband locations and operating bandwidths. The
calculated results of third-order Chebyshev quad-passband filters with
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and without compensation, i.e., susceptance compensation and phase
and impedance compensation, are shown in Tables 1 and 2. The results
indicate that the design procedure with compensation meets the given
specification, and thus verify the requirement of the compensation
technique in multi-passband filter design procedure. Moreover, the
presented two cases with completely different filter specifications
demonstrate that the proposed design methodology is suitable for
filters with flexible passband location and fractional bandwidth.

3. FILTER IMPLEMENTATION

In this section, the 3rd-order Chebyshev triple- and quad-passband
filters with 0.1-dB ripple response are realized for WLAN and
WIiMAX applications. All the circuits in this study are fabricated
on RT/Duroid 6010 substrate with 1-oz copper cladding, 0.635 mm
substrate thickness, and the dielectric constant of 10.2. The full-wave
simulator TE3D is used to investigate the proposed multi-passband
filters. The lowpass filter prototype, normalizing the cut-off frequency
to 3-dB band-edge point, can be determined gy = g4 = 1, g1 = 1.4367,
g2 = 1.598, and g3 = 1.4367 [20]. Moreover, the value h is typically in
the range 0 < h <1 [19]. In this study, this constant & is chosen as 0.39
for better matching property in each passband. Moreover, in order to
realize the equivalent multi-passband resonator, the series-connected
shunt LC' resonators in Fig. 5 are transformed into the conventional

Table 1. 3-dB band-edge frequency points of 3rd-order Chebyshev
quad-passband filter with and without compensation for case I.

Frequency Specification With . Without.
Compensation Compensation

I 2 GHz 2.07 GHz 2.17 GHz

S 2.5GHz 2.52 GHz 2.52 GHz

fia 2.7 GHz 2.68 GHz 2.79 GHz

Juz 3 GHz 2.93 GHz 3.18 GHz
i3 5.1 GHz 5.15 GHz 5 GHz

s 5.4 GHz 5.42 GHz 5.32 GHz

fia 5.6 GHz 5.57 GHz 5.63 GHz

Sua 6.2 GHz 6.13 GHz 6 GHz
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Table 2. 3-dB band-edge frequency points of 3rd-order Chebyshev
quad-passband filter with and without compensation for case II.

Frequency Specification With Without
Compensation Compensation
fu 2 GHz 2.02 GHz 2.17 GHz
S 2.5 GHz 2.52 GHz 2.62 GHz
Jiz 3.7GHz 3.74 GHz 3.72 GHz
Sfun 4 GHz 4.02 GHz 3.97 GHz
i3 4.2 GHz 4.19 GHz 4.24 GHz
Sus 4.5 GHz 4.43 GHz 4.5 GHz
Sia 5.6 GHz 5.57 GHz 5.56 GHz
s 6.2 GHz 6.2 GHz 6 GHz
o—_
11 1
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Figure 6. Conventional multi-passband resonator.

multi-passband resonator in Fig. 6 with the input admittance

o~IT TII I7
yit (¢ Ciarljnip—1 Wl
inj — T1 oI 71T
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ij,mF
T o 1) (17)
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3.1. Triple-passband Filter

The frequency specification of the triple-passband filter applicable
to WLAN 802.11 a/b/g and WiMAX bands is fr1 = 1.9GHz,
fm = 2.7GHz, fro = 3.35GHz, fge = 3.7GHz, fr3 = 4.9 GHz and
frs = 5.8 GHz, and the fractional bandwidths of three passbands are
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A1 = 34.8%, Ay = 10% and Az = 16.8%. Moreover, in order to
easily realize the triple-passband filter, the equivalent triple-passband
resonator (Fig. 2) is transformed into the conventional resonator
(Fig. 6) by using the following equations:

a
Lp=Ff (19)
2 _ 3
cg® —g° —bg+a
fg*—d
L, =9 (21)
g Cj[éF
cdfg — dfg* — f*ga — &
cil, - ol 22)
LJHBF - Hd (23)
Cisrtg
where
a = ]IFC 1FLJI‘,2FCJ{2FLJI‘,3FCJ'{3F
= ]1FC 1FLJI‘,2FCJ{2FLJI‘,3FCJ'I,3F
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c = Lj 1FC 1F T LJI',2FC]'I,2F + L]I',SFCjI,BF

1 1 1
d = 1FC 1FLI'2FC[2FLI'3FC'13F + +
J s s s 75 le,lF le,2F Cj{?)F

e = L pClip (Liar + Lisp) + LjorClap (Ljip + Lisr)
+Lj,3FCj,3F (L jl‘,lF + L]I',2F)
[ = LJI‘,1F + L]I‘,QF + LJI‘,3F
e+ /er—4df
2f ’
The calculated LC elements of the conventional triple-passband
resonator for the triple-passband filter are given in Table 3.

To verify the design method, the novel lumped-element CPW stub
is used to implement the triple-passband filter. Fig. 7(a) depicts the
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physical configuration of the resonator and its corresponding equivalent
circuit. The behavior of the open stub is equivalent to the series
L¢1C51 resonator and two neighboring symmetric split-ring resonators
(SRRs) can be modeled by the shunt LgrrCsrpr resonator [21]. Then
the equivalent circuit can be transformed into two series L’;C?; and
L' ,C!, resonators in parallel connection [22]. Moreover, the lumped-
element CPW stub shown in Fig. 7(b) can be modeled as the parallel-
connected L,; inductor and series L;C}1 resonator[23]. Thanks to the
parasitic inductance L; is quite low at lower frequency, the circuits
shown in Figs. 7(a) and (b) are connected in parallel to exhibit the
conventional triple-passband resonator network. Hence, the required
slope of the input admittance can be achieved by fitting the equivalent-

Lzg Corr L L,

=
i
1l

(a) (b)

Figure 7. (a) Geometry and the corresponding equivalent circuit of
the lumped-element CPW stub for triple-passband filter (d; = 2.4 mm,
dy = 2.6mm, dg = 0.8 mm, X7 = 3.5mm, Xo = 1.9mm, X3 = 0.4 mm,
lin, = 1mm, £.,q = 1.5mm. All the other strip and slot widths are
0.2mm). (b) Geometry and the corresponding equivalent circuit of
the lumped-element CPW stub for triple-passband filter (d; = 1.4 mm,
ds = 0.4mm, d3 = 1mm, dgy = 0.2mm, ds = 0.4mm, dg = 0.8 mm,
d7 = 04mm, X; = 0.8mm, X5 = 0.2mm, X3 = X; = 0.4mm,
lin = 1.3mm, lepg = 1.9mm).
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circuit model to a full-wave simulation as shown in Fig. 8(a). Note that
an additional pole at around 7.4 GHz in full-wave simulation is due to
the parasitic series resonance caused by the series L;C)1 resonator at
higher frequency|[23].

The physical construction of the triple-passband filter is presented
in Fig. 8(b). Fig. 9 depicts the triple-passband responses, which
demonstrates a very good agreement among the measured, full-wave
simulated, and equivalent-circuit modeled results. The measured
frequency limits are observed at fr1 = 2.08 GHz, fg1 = 2.58 GHz,
fro = 3.32GHz, fgo = 3.69GHz, fr3 = 4.85GHz and fy3 =
5.82 GHz, which closely meets the filter specification and thus verifies
the proposed design methodology. Additionally, the measured
insertion losses of the in-band central frequencies are better than 0.75,
1.53, and 1.4dB at 2.34, 3.5, and 5.3 GHz, respectively. The deep
suppression at 2.8 and 4.25 GHz is attributed to the resonance of the
CPW stub shown in Fig. 7(a), which is regardless of the multi-passband
filter design. Moreover, the discrepancy between the equivalent circuit
and measurement at around 7.5 GHz is mainly caused by the existing
pole in the input susceptance of full-wave simulation as depicted in
Fig. 8(a).
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Figure 8. (a) Input susceptance of the lumped-element CPW stub by
shunt connecting structures of Figs. 7(a) and (b). (b) Geometry of the
triple-passband filter with W7 = W4 = 0.8 mm, W = W3 = 0.28 mm,
log =043 =94mm, {13 = ly3 = 8.8mm. (For the central CPW stub,
the dimensions shown in Fig. 7(b) are di = 1.4mm, dy = 0.4mm,
d3 = 1lmm, dy = 0.2mm, d; = 0.2mm, dg = 1mm, dy = 0.2mm,
Xy = 02mm, Xo = 02mm, X3 = X4 = 0.4mm, ¢, = lmm,
leng = 2.5mm; The dimensions of the other stubs are the same as
in Figs. 7(a) and (b)).
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Figure 9. Measured, full-wave simulated, and equivalent-circuit
modeled S-parameters of the triple-passband filter.

Table 3. Equivalent circuit elements of 3rd-order Chebyshev multi-
passband filter using the conventional multi-passband resonator.

Elements Triple-Passband Filter =~ Quad-Passband Filter
Zcoa=Zc3a 67.8587 ohm 67.8587 ohm
Ze1y=Zco;3 97.1285 ohm 97.1285 ohm
Lt =L, 2.5386 nH 2.6754 nH
C11{F=C3”1F 1.0061 pF 0.74 pF
Lt =L 9.4317 nH 9.6324 nH
C11£F=C3I§F 0.2888 pF 0.162 pF
Lt =L, 4.1771 nH 12.5516 nH
ch.=Cci. 0.3234 pF 0.219 pF
L. =L§{1F - 9.609 nH
ch.=ci, - 0.1024 pF

L. 2.7614 nH 3.0185 nH
cir. 0.9189 pF 0.6424 pF
L%F 8.9575 nH 9.4906 nH
chr. 0.3072 pF 0.1653 pF
L 4.0416 nH 12.1792 nH
C2IéF 0.3359 pF 0.2278 pF
L - 9.2613 nH
chr - 0.1065 pF
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3.2. Quad-passband Filter

The specification for the quad-passband filter is given by fr1 = 2 GHz,
fo1 = 2.8GHz, fro = 3.35GHz, fgo = 3.7GHz, fr3 = 4.35GHz,
frs =4.7TGHz, fr4 = 5.4 GHz and fr4 = 6.5 GHz. The bandwidths of
the corresponding passbands are A; = 33.3%, Ay = 10%, A3z = 7.7%
and Ay = 18.5%, respectively. To implement the quad-passband
filter, the equivalent quad-passband resonator (Fig. 2) is transformed
to the resonant circuit shown in Fig. 6 to obtain the corresponding LC
elements given in Table 3.

Figure 10 indicates the lumped-element CPW stubs and their
corresponding equivalent circuits. Hence, the input susceptance
of the shunt resonator used in filter design can be obtained by

rl

; 52 l 53 T
(a) (b)

Figure 10. (a) Geometry and the corresponding equivalent circuit
of the lumped-element CPW stub for quad-passband filter. (d; =
2.8mm, do = 1.8mm, X; = 4.7mm, Xy = 0.95mm, X3 = 3.5mm,
lin, = 1mm, £opg = 0.2mm. All the other strip and slot widths are
0.2mm). (b) Geometry and the corresponding equivalent circuit of
the lumped-element CPW stub for quad-passband filter (d; = 1.4 mm,
ds = 04mm, d3 = 1mm, dgy = 0.2mm, ds = 0.4mm, dg = 0.8 mm,
d7 = 0.2H1H1, X1 = X2 = X3 = X4 = 04mm, €m = 1II1H1,
leng = 1.7mm).



448 ‘Wu et al.

parallel connecting the circuits shown in Figs. 10(a) and (b). The
element values in the equivalent-circuited model are determined by
satisfying the full-wave simulation as shown in Fig. 11(a). Accordingly,
the physical configuration of the quad-passband filter presented in
Fig. 11(b) can be realized. As shown in Fig. 12, the measured in-
band insertion losses are 0.68, 2.05, 1.94, and 1.58 dB at 2.45, 3.47,
4.43, and 5.81 GHz, respectively, and the measured frequency limits are
fr1 = 2.17GHz, fg1 = 2.72GHz, fro = 3.33GHz, fgo = 3.61 GHz,
ng = 4.26 GHz, ng = 4.6 GHz, fL4 = 5.35 GHz and fH4 = 6.26 GHz.
The full-wave simulated and equivalent-circuit modeled S-parameters
are also included in Fig. 12 to reveal a very good agreement among
them.

Note that discrepancy between the measurement and full-wave
simulation is due to the fabrication tolerance in the physical dimension
and bonding wires. Additionally, the insertion loss increases inevitably
when the passband bandwidth becomes quite narrow. The sizes of
the presented triple- and quad-passband filters are both approximately
Ag X 0.33)\g at wp.
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» 01 | —_— i - Ly ot
a Gl 83 @@ W
1
0.2 L | - 1 !
1 2 3 4 5 6 7 8

Frequency (GHz)

(a) (b)

Figure 11. (a) Calculated input susceptance of the lumped-element
CPW by shunt connecting structures of Figs. 10(a) and (b). (b)
Geometry of the quad-passband filter with W7, = W4 = 0.8 mm,
W2 = W3 = 0.28mm, 50’1 = 6473 = 8.8mm, 51’2 = 6273 = 8mm.
(For the central CPW stub, the dimensions shown in Fig. 10(b) are
di = 1.4mm, do = 0.4mm, d3 = 1mm, dy = 0.2mm, d; = 0.4 mm,
dg = 0.9mm, d7 = 0.3mm, X; = X9 = 0.2mm, X3 = 0.4mm,
X4 = 0.6mm, 4;;, = 0.8mm, £.,q = 2.2mm; The dimensions of the
other stubs are the same as in Figs. 10(a) and (b)).
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Figure 12. Measured, full-wave simulated, and equivalent-circuit
modeled S-parameters of the quad-passband filter.

4. CONCLUSION

A general synthesis technique for novel multi-passband filter has
been presented in this study. Contrary to the authors’ previous
work [17], the proposed design methodology uses the newly
developed susceptance compensation technique to further improve the
performance of multi-passband filter. Moreover, the passband response
is easily controlled and thus the design procedure is suitable for
versatile filter applications. Two multi-passband filters, i.e., triple- and
quad-band bandpass filters, are established to validate the flexibility
of design procedure for different filter specifications. The equivalent
circuits of the filters are constructed based on susceptance and phase
and impedance compensation, and the transformation equation is
applied to obtained lumped-element CPW stub for practical feasibility.
Therefore, the physical configuration of the multi-passband filters
operating in both WLAN 802.11 a/b/g and WiMAX systems can be
realized. The measured, full-wave simulated, and equivalent-circuit
modeled results show that the impedance matching can be achieved
at each operating passband and the unwanted DC is suppressed in the
lower frequency region. Furthermore, the proposed design procedure
with compensation technology can be further developed to design other
multi-band components, such as multi-band baluns and couplers, and
this exploration will be presented in the near future.
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