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ABSTRACT This study presents three dual-band lowpass—bandpass filters. The first handles lowpass and
bandpass bands through its fifth-order and third-order Chebyshev filter responses, respectively. This filter
uses three circuits to achieve flexibility in cutoff frequencies and fractional bandwidths. The second is a
higher-order filter: it is a dual-band filter with ninth-order lowpass and fifth-order bandpass responses.
In general, an extra 50-2 transmission line might be required to connect each port conveniently to an external
circuit for the first or second proposed filter, which could increase the circuit area. The third is a dual-band
filter with a A/4 impedance transformer near each port to facilitate connections with external circuits. Each
of the proposed dual-band lowpass—bandpass filters has a systematic design procedure when the lowpass and
bandpass band responses are given separately. In addition, the proposed filters can provide rapid prediction
through the use of ideal circuit simulations instead of full-wave simulations.

INDEX TERMS Bandpass, Chebyshev, dual-band, filter, lowpass, systematic.

I. INTRODUCTION

Dual-band filters with bandpass responses in each passband
were widely used [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11], [12], [13]. To meet compact size requirements, [1]
and [7] used ceramic lamination technique and printed circuit
board to develop multilayered structures and [8] used mean-
dering stepped-impedance resonators to reduce the sizes.
Coupled-feed structures were used by [2] for dual-band
external quality factors, and [3] designed dual-band trans-
former as a dual-band impedance match for each presented
filter input or output port. A previous study [4] proposed
dual-band coupling coefficients that could be independently
designed, but external quality factors resulted in a com-
plex disjointed design. Another study [6] designed dual-
band filters with a properly arranged feeding structure that
can achieve good spurious suppression response, but they
needed extra impedance transformers. To avoid the additional
transformers, dual-band external quality factors that can be
satisfied through systematic direct-feed filter design were
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first proposed by [9], [10], [11], [12], and [13] introduced
reconfigurable dual-band filters that changed their frequency
responses depending on the biased circuit conditions.
Recently, lowpass—bandpass response multiband circuits,
such as those presented by [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], and
[30], have been developed. Each of [14], [17], and [23]
was lowpass-bandpass diplexer (LBD) for two different band
channel application. In [17] and [23], the loading effect of
the bandpass filter (BPF) circuit was overcome through the
design of a suitable lowpass filter (LPF) structure. In contrast
to [14], [17], and [23] used a directed-feed structure for BPF,
and its input or output resonator was also shared to achieve
the required shunt-to-ground capacitance of LPF, featuring a
high circuit integration. A lowpass—bandpass triplexer (LBT)
was proposed by [20], and [15], [16], [21], [24], [29], and [30]
proposed dual-band lowpass—bandpass filters (DB-LBFs),
triple-band lowpass—bandpass filters (TB-LBFs), and quad-
/five-band lowpass—bandpass filter. A previous study [22]
introduced a switchable lowpass—bandpass filter, and [18]
presented reconfigurable DB-LBF that provided four-mode
functions, with an independent design for LPF and BPF
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FIGURE 1. (a) LBF A structure and (b) its equivalent circuit.

responses in an effective simplified design process. However,
the DB-LBF required additional BPF resonators outside the
LPF circuit, resulting in a low circuit integration or a large
circuit size. In addition, [21] presented a highly integrated
DB-LBF, with LPF and BPF sharing the same circuit; but its
LPF and BPF responses could not be independently designed.
For example, when one LPF or BPF response was indi-
cated, the other response was determined under the indicated
response; this design offered little flexibility. Furthermore,
the fy (center frequency of the BPF response) to f,. (cutoff
frequency of the LPF response) ratio was greater than 5,
which might be unsuitable when the LPF band is close to the
bandpass band. A previous study [24] used quasi-lumped ele-
ments to achieve the required capacitances and inductances
for DB-LBFs. However, the device’s equivalent circuit was
complex, the parasitic effect of the lumped elements was
insufficiently low, and extra chip capacitors for [24] were
required, resulting in a complex design or possibly increasing
circuit costs. Moreover, the LBF and BPF passbands featured
the use of transmission zero locations in the design of their
responses, which made it unsuitable for one to use famil-
iar methods of synthesis, such as the Chebyshev method,
to rapidly predict results; this approach failed to achieve
a higher-order filter design. The synthesis issue was also
faced in quasi-lumped circuits such as LPF [26], reconfig-
urable bandpass/lowpass filter [27], or triple-band lowpass—
bandpass filter (TB-LBF) [29] design. In general, filters using
lumped elements to approach their design responses can
meet compact circuit size results. However, they usually need
time-consuming optimization processes because of produc-
ing massive undesired parasitic effects. [30] used planner
circuit design, but its equivalent circuit was complicated
and it failed to provide the useful synthesis method such as
the Chebyshev approach for designing higher-order DB-LBF
responses.

To the best of our knowledge, little research has been
conducted on DB-LBFs or reconfigurable DB-LBFs, and
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FIGURE 2. LBF A: (a) LPF band equivalent circuit, (b) input or output
resonator structure, (c) coupling structure of resonators, and (d) coupling
coefficients of resonators.

studies such as [15], [16], [21], [24], [27], and [30] have
low circuit integration, parasitic effect issue, or complicated
design issue. This study designed three types of DB-LBFs
(LBF A, LBF B, and LBF C), each achieving the complete
integration of LPF and BPF. The proposed DB-LBFs are also
systematically designed when the specifications of LPF and
BPF are independently indicated.

Il. DESIGN OF LBF A

Fig. 1(a) presents the proposed LBF A structure. It is com-
posed of eight transmission line sections, Xa11—Xa32, Xa4,
and X5, with electric lengths of 6411—60432, 644, and 645,
respectively; the characteristic impedances are Z411—Z432,
where Zaj1 = Zapn = Zpi(i = 13), Za4, and Zys, respectively.
Yina1—Yina3 are input admittances. Fig. 1(a) can be redrawn to
feature a bilateral symmetrical structure [Fig. 1(b)]. Fig. 2(a)
is the fifth-order LPF equivalent circuit of LBF A with the
same eight transmission lines (Xa11—Xa32, Xa4, and Xa5)
in the design of its response. In Fig. 2(a), C;, C3, and Cs
are capacitances and L, and L4 are inductances. The design
equations of the LPF capacitances and inductances are as
follows [31]:

8k
Cr = s 1
© = R, ey
R
L = ~28k )
2rfe

where g, Rg, and f. are the prototype element value,
source impedance, and cutoff frequency, respectively. The
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coupled- resonator BPF response of the center frequency
fo is formed using three resonators (Ra1, which comprises
Xa11 and Xa12; Ra2, which comprises Xa21 and Xa22; and
Ra3, which comprises Xa31 and Xa3z) and two inverters
(Xa4 and Xa5). The n-order coupled-resonator BPF design
equations [31] are

Qi = 2081 3)

FBW'’
Qeo = (4)

8n8n+1

FBW ’
FBW

V8igi+1
where Q.i/Q., is the external quality factor Qy, of the input or
output resonator, n is the filter order number, gog,+1 denotes
lowpass filter prototype lumped-element values, FBW is the
fractional bandwidth variable, and M;; | is the coupling coef-
ficient between two adjacent resonators. The A/2 uniform
impedance resonator (UIR) resonators R4 1R a3 resonate at fy
and are equivalent to three shunt-to-ground capacitors with
the capacitances of C, C3, and Cjs, respectively, when their
frequencies are at f.. Furthermore, the feed-line locations
of Raj and Ra3 are required to satisfy the external quality
factors of (3) and (4), respectively. The external quality factor
Qg of alossless resonator is also noted by [32] and written as

_ Rywg 3B
- 2 dw w:w()'

My =

i=1-n, 5)

oL (6)
In (6), w is the angular frequency variable, wy = 27 fj is the
center angular frequency, Ry is the input impedance from the
resonator looking into the load, and B is the susceptance of
the input admittance Yj, from the feed point to the resonator.
Fig. 2(b) illustrates the input or output A/2 UIR structure
that forms the basis of the external quality factor calculation,
where Z; and 6; are the characteristic impedance and elec-
trical length, respectively. By using (6), one can derive the
external quality factor of Fig. 2(b) as follows:

0, = %L[exseczes + (180° — 6;) sec? (180° — 6,)1. (1)
S

Because Ra; must satisfy the requisite Q; through the use
of (7) at fy and because its input admittance Yj,4 equals the
admittance of C; in Fig. 2(a) at w, (v, = 27f ), the related
design equations [23] can be written as

Zy 2
0L = TAI[@AHSCC 011
+ (180° — 6411) sec? (180° — 6a11)1,  (8)
Yina1 = jocCi =jL tan (?QAH)
Za 0
fe
0
In (8) and (9), 8411 is the electrical length at fy and Zj
is the system impedance. The remaining two unknown vari-

ables, Z41 and 6411, can be solved by (8) and (9) when the
specifications of LPF and BPF are determined. LBF A is

4+ tan (180(J — 9A11)i|. )
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FIGURE 3. Simulated results of LBF A ideal circuits. (a) Case A; and
Case A,. (b) Case A; and Case Aj.

designed for fifth-order-LPF and third-order-BPF dual-band
Chebyshev responses; LBF A has a bilateral symmetrical
circuit and Ra1 has the same design parameters as Ra3. Line
section X4 serves as a A/4 inverter between Ra1 and Rpp at
Jo, and it approaches L, in Fig. 2(a) at f.; this design is the
same as that of line section X5 because of the symmetrical
property of LBF A. In practice, f. < f is optimal, f. should
not be too close to f, and the characteristic impedance of X a4
should not be low. The characteristic impedance Z, /4 of a A/4
inverter [31] can be approached as

wceLy
Zyjg ~ —_—
2tan [45O (%)]

Let Ly = L in (10); this yields the characteristic impedance
Zps = Zy 4 of Xag4. Furthermore, the connected-coupling
technique of either [33] or [34] can be applied to make the
coupling coefficients M1, be between Ra1 and Ra» and M»3
be between R and Ra3; these are achieved using two con-
nected lines: the first is Xa4 and the second is Xas. Fig. 2(c)
demonstrates a coupling structure for Ro; and Ra», where
the capacitance Cy = 0.001pF models a weak coupling. For
giving the LPF and BPF specifications, the required element
values of Fig. 2(a) and Qr in (3) and (4) are determined.
To facilitate the design, the following steps are executed:
Step IA: The design of Ra; must satisfy the conditions
of (8) and (9). Thus, Ra; can meet the required Qr at fy
and C; of Fig. 2(a) at f.. The design parameters of Ra3 are
the same as those of Ra; because LBF A has a bilateral
symmetrical structure. Thus, Qy, at fy and Cs of Fig. 2(a) for
Ra3 can be simultaneously satisfied. Moreover, each length

(10)
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of Ra1, Ra2, and Ra3 is A/2 at fj, enabling each of them to
reach resonance condition at fj.

Step IIA: The characteristic impedances Z4 of Xa4 or Zys
of X5 can be designed using (10). Thus, L, and L4 of LPF
are met.

Step IIA: Rap is A/2 at fo to satisfy the BPF resonance
condition, but it must still satisfy C3 of Fig. 2(a) at f.. The
design equation is similar to that of (9) and can be written as

: o1 o
Jo:C3 ZJE tan (5—;9,421) + tan [j% (180 - 9A21)],
(11

where 6421 is the electrical length of fy. All the circuit param-
eters of Ro1 have been determined in Steps I* and TIA. C3, fes
and fy are identified when the response specifications of LPF
and BPF are given. The remaining two design variables 6421
and Z4, are arbitrarily indicated one variable and the other
variable can be solved using (11). The coupling coefficient
between Ra; and Rpz is Mjy, which can be designed by
varying 0421 and Zy4; in Fig. 2(c) to meet BPF specification
using (5). Fig. 2(d) illustrates the different M1, simulations
by changing 6421 and Z4» when 0411 = 75°, 644 = 90°,
Za1 = 90.2792, and Zy4 = 82.76K2 at fy. The three responses
are represented by Curve 1 (6421 = 45° and Zy» = 71.692),
Curve 2 (6421 = 70° and Z4» = 53.882), and Curve 3
(6421 = 80° and Zyy = 51.41Q2). For 6421 < 90° at fy, M12
increases in magnitude as the length of 64,1 decreases. LPF
and BPF responses of the proposed LBF A are fifth-order
and third-order Chebyshev designs, respectively, C; = Cs,
Ly = L4, Qvi = Qco, and M2 = M>3. Thus, LBF A can
achieve bilateral symmetry. Therefore, the design parameters
of X5 and R3 are designed to be similar to those of X4 and
Raj1, respectively; this allows M>3 to simultaneously meet the
required value when M, designed through the adjustment of
the length of 6421.

By systematically following the procedure in
Steps IA-III*, one can design the DB-LBF response of
LBF A without undertaking the time-consuming task of
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optimizing the LPF and BPF responses. In this study, all the
DB-LBFs were implemented on an RO4003C substrate with
a thickness of 0.508 mm, loss tangent of 0.006, and dielectric
constant of 3.58. LBF A has three circuits: Case A, Case
Aj, and Case Aj3. Table 1 summarizes the specifications of
the three circuits.

Based on the design described in this section, the related
design parameters can be obtained from Table 2 and the
remaining parameters are also known because LBF A is a
bilateral symmetrical circuit and Ro;—Ra3 are UIRs. Fig. 3
illustrates simulated instances of Cases Aj—Aj3 for compar-
ison. A comparison of Case A; with Case A, [Fig. 3(a)]
reveals the flexibility in the design of the BPF response
fractional bandwidth at the same f. and fy values, and a
comparison of Case A; with Case A3 [Fig. 3(b)] reveals the
flexibility in the design of f; at the same fy and BPF response
fractional bandwidth values. The layouts and photographs of
Cases Aj—Aj are presented in Figs 4-6, and the simulation
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FIGURE 7. (a) Full-wave simulation, ideal transmission line circuit
simulation, and ideal lumped LPF simulation of Case A, ;(b) full-wave
simulation and measurement of Case A;.
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FIGURE 8. (a) Full-wave simulation, ideal transmission line circuit
simulation, and ideal lumped LPF simulation of Case Ay ;(b) full-wave
simulation and measurement of Case A,.

and measurement results are provided in Figs. 7-9. The dif-
ferent meander lines in Figures 4, 5, and 6 are just for compact
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FIGURE 9. (a) Full-wave simulation, ideal transmission line circuit
simulation, and ideal lumped LPF simulation of Case A, ;(b) full-wave
simulation and measurement of Case A5.

TABLE 1. Specifications of cases A;-A5.

LPF response BPF response
equal-ripple f. equal-ripple fo FBW (%)
value (dB) (GHz) value (dB) (GHz)
Case A1 0.1 1.2 0.1 2.4 8
Case A> 0.1 1.2 0.1 2.4 20
Case A3 0.5 1.5 0.1 2.4 8
TABLE 2. Design parameters of cases A;-Aj5 at fo = 2.4GHz.
6/111 GAIZ BAZI HAZZ BA4 ZAll ZAZI ZA4
Case Ay 75° 105° 55.4° 124.6° | 90° 9030 | 61.8Q | 8280
Case Az 67.6° 112.4° | 40° 140° 90° 9430 78.8Q 82.80Q
Case A3 75.4° 104.6° | 69.3° 110.7° | 90° 9550 | 703Q | 575Q

circuit area layouts and theses lines ignore their meander
effects in circuit designs. For lowpass band, ideal lumped
LPF simulation meets exactly required 0.1 dB equal-ripple
value in Case Aj or Case Az; 0.5 dB equal-ripple value in
Case A,. Minor equal-ripple value errors for other lowpass
or bandpass band responses in Figs. 7-9, which are caused by
the approaching circuit designs or measured errors. Note that
each BPF band has three ripples for each |S11| corresponding
to third-order equal-ripple filter response. Table 3 lists the
approximated measurement results.

lil. DESIGN OF LBF B

The LBF B structure [Fig. 10(a)] is an example of a higher-
order DB-LBF response; it is composed of 14 transmis-
sion line sections: Xg11—Xgs2 and Xgg—Xpg, with electrical
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TABLE 3. Approximated measurement results of cases A;-A;.

Lowpass band BPF response
max. insertion fe min. insertion fo 3dB
loss (dB) (GHz) loss (dB) (GHz) FBW (%)
Case A1 0.46 1.2 2 2.41 11
Case Az 0.43 1.2 091 2.43 224
Case A3 1 1.5 2.23 2.42 10.3

lengths of 6p11-6ps2 and Ope—bp9, respectively. The charac-
teristic impedances are Zp|1—Zps2, where Zp;y = Zpp =
Zpi(i = 15) and Zpe—Zpg, respectively. Yi,p1—Yinp3 are
input admittances. Fig. 10(a) can be redrawn to feature a
bilateral symmetrical structure [Fig. 10(b)]. The design of
the ninth-order LPF Chebyshev response is based on these
14 transmission lines, with an equivalent circuit presented in
Fig. 10(c). The coupled-resonator BPF response of the center
frequency fy [31] is formed by five resonators Rg;—Rgs,
with Rp; comprising Xp;; and Xg;», and four A/4 inverters
XB6—XB9- At fc, Rg1—Rps are also equivalent to the five
shunt-to-ground capacitances C1—Cy of Fig. 10(c), respec-
tively. Each of the A/4 inverters Xpg—Xpo has a similar design
to the A/4 inverter Xa4 in LPF A. The design procedure is
summarized as follows:

Step IB: The design of Rp; or Rps is similar to that of R
in Step 12,

Step IB: At [, the four A/4 inverters Xge—Xpo are designed
to satisfy the four series inductances Lp,—Lg of Fig. 10(c),
respectively. A similar design as that in Step II* is used for
this step.

Step IIB: Ry, must simultaneously resonate at fy and
achieve the shunt-to-ground capacitance C3 [in Fig. 10(c)] at
fe, which has a similar design to Ra» in Step II1A. Because
the designs of Rp; and Xpg are completed in Steps B and
I1B, their circuit parameters are fixed. C3, f;, and fj are iden-
tified when the specifications of the LPF and BPF responses
are determined. The corresponding Zp; is obtained through
adjustment of 8571, which can be used to design the required
coupling coefficient M1, between Rg; and Rp;. Based on a
similar design concept, Rp3 resonates at fy and is also equiv-
alent to the shunt-to-ground capacitance Cs of Fig. 10(c).
The parameters of Rg, and Xp7 cannot be changed after the
M, and Step II® designs are completed, respectively. The
coupling coefficient M»3 between Rp, and Rp3 is designed
by adjusting 6p3; given the corresponding Zp3. Because LBF
B has a bilateral symmetrical configuration, the design of the
remaining parts is obtained.

LBF B, which has a Chebyshev ninth-order lowpass filter
and fifth-order bandpass dual-band filter, is designed in its
entirety by following Steps IB—IIIB systematically; this pro-
cess does away with the need for the time-consuming task
of optimizing the two desired bands. Compared with LBF A,
LBF B achieves a higher-order DB-LBF response and can be
extended to higher-order designs for DB-LBFs.

LBF B is designed for f, = 1.2 GHz for a 0.1-dB equal-
ripple LPF response and fy = 2.4 GHz and FBW = 9%
for a 0.1-dB equal-ripple BPF response. Based on the
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specifications, the related design parameters of fy are p11 =
Ops1 = 74.6°, 0p12 = Opsy = 105.4°, 021 = 6Opa; = 55°,
Opy = Opap = 125° 0Op31 = 72.5° 63, = 107.5°,
Ope = Op7 = Opg = Opy = 90°, Zp) = Zps = 86.75Q, Zp =
Zps = 57.19Q, Zpz = 47.54Q, Zpe = Zpo = 87.07%2, and
Zp7; = Zpg = 97.58%2. Fig. 11 details the layout and presents
a photograph of LBF B, and the simulated and measured
results are presented in Fig. 12. In the lowpass band, the mea-
sured passband maximum insertion loss and cutoff frequency
are approximately 0.769 dB and 1.2 GHz, respectively; in the
bandpass band, the measured passband minimum insertion
loss, 3 dB FBW, and center frequency are approximately
2.98 dB, 8.3%, and 2.415 GHz, respectively. For lowpass
band, ideal lumped LPF simulation meets exactly required
0.1 dB equal-ripple value. Minor equal-ripple value errors for
other lowpass or bandpass band responses in Fig.12, which
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FIGURE 12. (a) Full-wave simulation, ideal transmission line circuit
simulation, and ideal lumped LPF simulation of LBF B;(b) full-wave
simulation and measurement of LBF B.

are caused by the approaching circuit design or measured
errors.

IV. DESIGN OF LBF C

Fig. 13(a) presents the structure of LBF C with a DB-LBF
response that improves the input or output circuit layout
flexibility of the previously proposed filters in this study.
LBF C has ten transmission line sections: Xc11—Xc32 and
Xca—Xc7, with electrical lengths of 6¢11—0¢32 and 6c4—6¢7,
respectively; the characteristic impedances are Zc11—Zc32,
where Zcit = Zcin = Zci(i = 13) and Zcs4—Zc7, respec-
tively. Yi,c1 and Yo are input admittances, and Zj,c4 i
the input impedance. Fig. 13(a) can be redrawn to depict a
bilateral symmetrical structure [Fig. 13(b)]. The ten trans-
mission line sections with an equivalent circuit illustrated in
Fig. 13(c) are used to design a seventh-order LPF Chebyshev
response, where L1—L7 and C>—Cg are inductances and capac-
itances, respectively. Resonators Rcj—Rc3 (R comprises
Xci1 and Xcpp), two A/4 inverters (Xcs and Xcg), and two A/4
impedance transformers (Xc4 and Xc7) are used to design the
coupled-resonator BPF response [27] with center frequency
fo. The LBF C design procedure is as follows:

Step I¢: The length of Xc4—Xc7 equals A/4 at fy and
satisfies the inductances L;—L; of Fig. 13(c) at f. when
the specification of the dual-band Chebyshev lowpass and
bandpass response is given. The characteristic impedances of
Xc4—Xc7 can be obtained using (10) and the specifications of
theL;—L7 inductances.
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Step II€: Zc4 has been determined in Step I€, and Xca
serves as the A/4 impedance transformer at fy. Thus,

2
Zca
/i
where Zj is the system or load impedance of Port 1; Z;,4 is
solved using (12); and we then let Ry, = Zj,4, 65 = 6c11, and

Zs = Zc1 in (7). Therefore, the Q;, of Rc at fy can be written
as

Zina = 12)

72
oL = ZZCC:‘ZO [Ociisec?dcir + (180° — Bcrr)

x sec? (180° — Oc11)]. (13)

The design of (13) is similar to that presented in [28]. Zca
has been solved, Zy = 50€2 is the system impedance, and Q.
is identified using the given bandpass response specification.
Rc is equivalent to C; in Fig. 13(c) at fc. Yinc1 at fc is as
follows:

. o1 Je
Yinc1 = joCy = j— tan | —60c11
Zci 0
Je o
+tan 7(180 —bcn) | (14)
0

The two remaining unknown variables, Z¢1 and 6¢11, can
be obtained using (13) and (14) when the DB-LBF response
specification is indicated.

Step € Ry simultaneously resonates at fy and must
be equivalent to the shunt-to-ground capacitance Cs of
Fig. 13(c), which has the same design as Ra» in Step A,
Because R and Xcs are designed in Steps I€ and II,
respectively, their parameters are fixed. For the DB-LBF
response specification, C3, f., and fy have been identified.
Similar to what is done in Step III*, the required coupling
coefficient M1, between Rcp and Rco can be achieved by
changing the adjusted 6¢2; to obtain the corresponding Z¢2
value. Finally, the remaining design of LBF C is completed
by virtue of its bilateral symmetry.

Each LBF A and LBF B port is at an input or output
resonator. Thus, an additional Zy = 502 transmission line
may be required at each port for ease of connection to other
external circuits. Xcgq or Xc7 are included in LBF C and
have a A/4 length at fy to increase port layout flexibility
and facilitate the connection to another circuit without the
need for an additional Z transmission line. By systematically
following the LBF C design, one can achieve the required
DB-LBF response without having to undertake any time-
consuming processes.

LBF C is designed for f, = 1.2GHz for a 0.1-dB equal-
ripple LPF response and fo = 2.4GHz and FBW = 9% for
a 0.1-dB equal-ripple BPF response. Based on the specifica-
tions, the related design parameters of fy are 6c11 = Oc31 =
65°, Oc1o = 6Oc3p = 115° O¢co1 = 57°, Ocap = 123°,
Ocs = Ocs = Ocg = Oc7 = 90°, Zcy = Zez = 77.559,
Zco =75.78RQ, Zcy = Zc7 = 71.29Q2, and Z¢s = Zcg =
126.55%2. Fig. 14 depicts the layout and presents a photograph
of LBF C, and the simulation and measurement results are
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FIGURE 13. (a) LBF C structure, (b) its equivalent circuit, and (b) its LPF
band equivalent circuit.
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FIGURE 14. Layout and photograph of LBF C.

presented in Fig. 15. In the lowpass band, the measured
passband maximum insertion loss and cutoff frequency are
approximately 1.1 dB and 1.2 GHz, respectively; in the band-
pass band, the measured passband minimum insertion loss,
3 dB FBW, and center frequency are approximately 1.684 dB,
12.2%, and 2.423 GHz, respectively. For lowpass band, ideal
lumped LPF simulation meets exactly required 0.1 dB for
the first or second equal-ripple value, but its third ripple is
shifted approximately from 1.075 GHz (0.1 dB value) to
0.993 GHz (0.375 dB value), which error results from input
or output transformer doesn’t use enough high characteristic
impedance to approach the required lumped inductance of
LPF. However, it still achieves a satisfied initial LPF response
design. Moreover, minor equal-ripple value errors for other
lowpass or bandpass band responses in Fig.15, which are
caused by the approaching circuit design or measured errors.
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FIGURE 15. (a) Full-wave simulation, ideal transmission line circuit
simulation, and ideal lumped LPF simulation of LBF C;(b) full-wave
simulation and measurement of LBF C.

V. COMPARISON BETWEEN THE PROPOSED DB-LBFS
AND THOSE IN THE LITERATURE

Table 4 lists the results for the proposed DB-LBFs and those
from other studies for comparison. The DB-LBF in [21]
could be designed using a synthesized method, such as in
a Chebyshev response design; however, the lowpass and
bandpass band specifications could not be independently
indicated. Although the specification of the lowpass band
was given and that of the bandpass band was determined,
the proposed DB-LBFs provided separate dual-band spec-
ifications and could be systematically designed using the
synthesized method. Even if Cases Aj—Az have higher filter
orders, Cases Aj—A3z were more compact than those in [16]
and [15].

Compared with the proposed DB-LBFs, those in [24]
were smaller; however, the circuits in [24] had fewer filter
orders than those in the proposed circuits. Furthermore, [24]
required a chip capacitor for the DB-LBF, which might
increase circuit cost. The figure of merit (FOM) [26] for LPF
response is defined as follows.

RSB x £ x SF

NSS '
In (14), RSB is relative stopband bandwidth, & is roll-off-
rate parameter, SF is suppression factor, and NSS is normal-

ized structure size. The related FOM comparisons are also
included in Table 4.

FOM = (15)
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TABLE 4. Results for proposed DB-LBFs and those in the literature.

ps | pst | Lo | BO | f/fi/F | Fom LI BI Size

(dB) | (dB) (U5

Fig. N N 3 2 3317/ NI NI NI 0.176
8(a) of 27.3%

[15]

Fig. N | N 3 2 4.6/9.3/ NI NI NI 0.184

8(b) of 15.1%
[15]

[16] N | N 3 2 41713/ NI NI 2 0.08
45%

[21] Y N 5 5 1/5.2/ NI 05 038 0.7098
38.5%

[24] N N 3 2| 089243 NI 03 038 0.029
19.3%

[30] N | N | NI | NI | 211457 NI 007 | 0.14 0.116
17.5%

Case Y Y 5 3 12242/ | 48135 | 046 2 0.06978
Al 11%

Case Y Y 5 3 122244/ | 63756 | 043 | 091 | 006888
As 10.4%

Case Y % 5 3 15242/ | 20277 1 223 | 0.0655
As 22.3%

LBFB | Y % 9 5 12242/ | 49939 | 0769 | 298 | 02189
8.3%

LBFC | Y Y 7 3 12242/ | 33229 | 1.1 1.68 0.137
122%

DS: designable using a synthesized method, such as in a Chebyshev response design; DSI: designable
using a synthesized method after the dual-band specifications are independently given; LO: lowpass filter
response order; BO: bandpass filter response order; F: 3-dB fractional bandwidth for all cases except the
0.8-dB fractional bandwidth for [21]; LI: lowpass band insertion loss; BI: bandpass band minimal or
maximal insertion loss; 4,: guided wavelength of a 50-Q microstrip line at f, (GHz); f unit: GHz; Y yes;
N: no; NI: no information.

VI. CONCLUSION
This paper presents three DB-LBFs (LBF A, LBF B, and
LBF C). The structure of LBF A boasts a flexible design,
as is evident in the cutoff frequency for a lowpass band
and the fractional bandwidth for a bandpass band. LBF B is
also proposed as a higher-order DB-LBF. Finally, the LBF C
structure can provide a flexible input or output layout to
facilitate connection to an external circuit. These proposed
DB-LBFs comprise transmission lines without any capacitive
coupling structure; thus, the proposed circuits can provide
rapid predictions through the use of ideal circuit simulations.
Furthermore, six transmission zeros in LBF A or LBF C
and ten transmission zeros in LBF B, wherein each zero is
produced by the corresponding open stub. The transmission
zeros can improve the selectivity and stopband response of
each proposed DB-LBF. Overall, each layout has an accept-
able DB-LBF response below |£2%| variation in the pro-
posed fabricated circuit layout substrate. Specifically, LBF
C has high characteristic impedance (126.55Q)A/4 inverter
line causing its manufacturing sensitivity issue, which can
be relaxed by using a thicker substrate. The performance of
the circuits formulated in this study was also validated using
simulations and empirical measurements.
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