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Filter With Specified Transmission- and

Reflection-Zero Frequencies
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Abstract—This paper presents a vertically expandable low-tem-
perature cofired ceramic (LTCC) bandpass filter (BPF) structure
to increase the number of operating bands of the BPF without
changing the area of the footprint. To design efficiently the
proposed LTCC BPFs with highly configurable passbands and
stopbands, a new method of synthesizing multiband BPF proto-
types with specified transmission- and reflection-zero frequencies
is developed. A dual-band BPF and a triple-band BPF were de-
signed and implemented in LTCC. Both BPFs have the same area
of . Comparisons of the -parameters among the
synthesized prototypes, postlayout simulations and measurements
exhibit a strong correlation.

Index Terms—Filter synthesis method, low-temperature cofired
ceramic (LTCC) bandpass filters (BPFs), multiband bandpass fil-
ters, reflection zeros, transmission zeros.

I. INTRODUCTION

M ICROWAVE bandpass filters (BPFs) are essential com-
ponents in radio frequency (RF) front-ends of wireless

communication systems that reject unwanted spurious and inter-
ference signals. Low-temperature cofired ceramic (LTCC) BPFs
have an important role in these systems because they provide
satisfactory performance with a compact size and reasonable
cost. However, the trend toward multiband multimode mobile
terminals requires smaller and more highly integrated LTCC
BPFs [1]. Therefore, designing miniaturized LTCC multiband
BPFs is becoming increasingly challenging. Although the coun-
terpart printed circuit board (PCB) BPF designs have achieved
up to a hexa-band performance [2], [3], and employed a stacked
structure to further reduce the occupied area [4], the issue of
component size still remains to be of major concern.
To fulfill the multiband operation for RF front-ends, LTCC

diplexers and multiplexers are often utilized to separate signals
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with different carrier frequencies [5]–[8], but these compo-
nents are usually used with many other single-band BPFs and
narrowband active circuits in an RF front-end, leading to poor
system integration. In contrast, multiband LTCC BPFs along
with wideband active circuits allow greater integration and
favor a less complex RF front-end. Dual-band [9]–[16] and
tri-band [17], [18] LTCC BPFs have been explored extensively
in the literature. Combining two single-band LTCC BPFs into
one dual-band LTCC BPF is relatively straightforward, as
demonstrated in [9] and [10]. However, the merging of more
than two single-band LTCC BPFs is not very viable because
of the complicated impedance matching issues that arise. Cou-
pled semilumped [11], [12] and stepped-impedance [13], [14]
resonator structures are popular in dual-band LTCC BPF de-
signs. Nevertheless, increasing the number of operating bands
is difficult owing to limitations on the coupling mechanism
or the microstrip impedance control. Ridge waveguide [15]
and substrate integrated waveguide [16], [17] filters in LTCC
increase the design flexibility for multiband BPFs by exciting
and coupling cavity resonators. However, these components
are usually too large for commercial use in the main mobile
terminals and need more complicated cavity resonator struc-
tures such as capacitively loaded cavities [19], [20] for further
miniaturization.
LTCC BPFs in previous studies are not only miniature, but

also exploit transmission zeros to enhance their passband se-
lectivity and stopband attenuation. Common methods for cre-
ating transmission zeros in LTCC BPFs include adding induc-
tive, capacitive or transmission-line elements to the resonators
[21]–[23], introducing extra electrical or magnetic coupling be-
tween the resonators [21], [24] and incorporating grounding
inductors and capacitors [25]–[27]. Although quite effective,
a shortcoming of these methods is that the transmission-zero
frequencies are not determined independently of each other,
making the optimization of multiple transmission zeros to max-
imize attenuation at the targeted stopband frequencies an ar-
duous task. In addition, the previous studies in [28] and [29]
use reflection zeros to determine the passband frequency range
of single-band LTCC BPFs. A recent work by the present au-
thors extends the use of reflection zeros to multiband LTCC
BPFs [30].
Our work in [30] synthesized a dual-band LTCCBPFwith the

designated transmission- and reflection-zero frequencies. Al-
though the key equations for the synthesis were derived, no spe-
cific method for solving these partly nonlinear equations was
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Fig. 1. Proposed topology of the vertically expandable multiband LTCC BPFs.

Fig. 2. Schematic diagram of the multiband BPF response configured with the
transmission-zero and reflection-zero frequencies.

established. This work provides a hybrid procedure to solve the
linear transmission-zero equations and nonlinear reflection-zero
equations associated with this synthesis problem. Furthermore,
an additional tri-band LTCC BPF is realized to confirm the ro-
bustness of the developed synthesis procedure.

II. FILTER TOPOLOGY

The proposed multiband BPF is based on a single-band BPF
that uses a second-order inductively coupled resonator (ICR)
network. As shown in Fig, 1, the filter topology comprises se-
ries-connected shunt resonators between the ICR network
and the ground, and parallel-connected series resonators be-
tween the input and the output of the ICR network. The multi-
stage and resonant circuits, ,
form the series and parallel feedback network, respectively, to
create additional passbands. Fig. 2 presents a schematic
frequency response of this filter topology. In this figure, and
, , are the reflection-zero frequencies, while
and , , are the transmission-zero frequen-

cies. A particular feature is two reflection zeros in each pass-
band and two transmission zeros between adjacent passbands.
The proposed filter topology is very suitable for implementa-
tion using multilayer LTCC technology because the required
area is the same as that for an ICR network and the height in-
creases with the number of layers of the two feedback resonant

Fig. 3. Decomposition of the proposed BPF topology into two half circuits.
(a) Even-mode half circuit. (b) Odd-mode half circuit.

Fig. 4. Foster series equivalent circuits of the even-mode and odd-mode im-
pedances. (a) Even-mode half circuit. (b) Odd-mode half circuit.

networks. Accordingly, this filter topology is useful for minia-
turizing LTCC multiband BPFs with a strict area constraint.
Symmetry can be utilized to decompose the filter topology

that is shown in Fig. 1 into odd-mode and even-mode half cir-
cuits, as displayed in Fig. 3(a) and (b), respectively. The odd-
mode half circuit in Fig. 3(b) has a series Foster equivalent cir-
cuit with the same topology as that of the even-mode half circuit,
as illustrated in Fig. 4(a) and (b). The input impedances of these
half circuits are expressed as

(1)

(2)

where and , , are the resonant pole
frequencies of the even-mode and odd-mode half circuit, re-
spectively. The circuit in Fig. 4(b) can be transformed to that in
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Fig. 3(b) by performing a pole-residue analysis and their con-
version equations are as follows:

(3)

(4)

where

(5)

are the residues that correspond to the poles of
the odd-mode input admittance . The
remaining circuit elements are determined as

(6)

(7)

(8)

where is the fundamental pole frequency that results from
the core ICR network. The impedance parameters of the filter
topology, shown in Fig. 1, can be derived in terms of the even-
and odd-mode input impedances, as follows:

(9)

(10)

The -parameters are further obtained from the impedance
parameters as

(11)

(12)

The transmission- and reflection-zero frequencies can be deter-
mined by setting (11) and (12) to zero, respectively, yielding the
following equations.

(13)

(14)

.
In the design of a bandpass filter with passbands, the filter

response can be constructed by designating an appropriate set
of reflection zeros and transmission zeros, as revealed
by Fig. 2. Therefore, (13) and (14) form a set of equations
with these transmission- and reflection-zero frequencies that are

Fig. 5. Illustration of the creation of transmission zeros using the even-mode
and odd-mode impedances with staggered resonant pole frequencies.

solved for the unknown elements in the topology of Fig. 1.
In Fig. 1, the core ICR network has four elements , , ,
and and the pairs of and resonators
have a total of elements. Importantly, the consideration
of insertion and return loss levels needs to be included in the as-
signment of transmission- and reflection-zero frequencies at the
beginning of the design procedure. Below are some guidelines.
1) In the passband, the closer the two adjacent reflection-zero
frequencies are, the lower the insertion-loss level or the
higher the return-loss level between them.

2) In the stopband, the closer the two adjacent transmission-
zero frequencies are, the higher the rejection level between
them.

3) In the transition from passband to stopband, the closer the
adjacent transmission- and reflection-zero frequencies, the
sharper the rolloff between them.

The equivalent half circuits that are shown in Fig. 4(a) and (b)
can be utilized to configure quickly a multiband BPF pro-
totype. The main idea is to establish the even-mode and
odd-mode half circuits with staggered resonant pole frequen-
cies. For example, to configure a penta-band BPF prototype
with passbands within the frequency ranges of 0.9–1.1,
1.9–2.1, 2.9–3.1, 3.9–4.1, and 4.9–5.1 GHz, both used half
circuits are five stages with the following sets
of even-mode and odd-mode resonant pole frequencies;

, and
. Then, from

experimental experience, the following circuit element values
are selected; , , ,
and , , 2, 3, 4, 5. Given the above
values of the variables in (1) and (2), the frequency responses
of the even-mode and odd-mode impedances and

are calculated, as displayed in Fig. 5, where arrows
point to the intersections of these two responses. According
to (13), the frequencies at these intersections are the trans-
mission-zero frequencies with values of 0.744, 1.215, 1.566,
2.235, 2.494, 3.229, 3.5, 4.211, 4.557, and 5.182 GHz. Fig. 6
plots the product of the even- and odd-mode impedances
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Fig. 6. Illustration of the creation of reflection zeros using the product of the
even-mode and odd-mode impedances.

Fig. 7. Composition of a penta-band BPF response with the even-mode and
odd-mode impedances shown in Figs. 5 and 6. (a) Magnitude of . (b) Mag-
nitude of .

, with arrows that point to the positions
at which . According
to (14), the frequencies at these positions are necessarily the
reflection-zero frequencies, which are 0.91, 1.007, 1.927,
2.017, 2.929, 3.019, 3.924, 4.02, 4.912, and 5.02 GHz. These
reflection-zero frequencies will be closer to the resonant pole
frequencies when a higher system impedance is used.
Fig. 7(a) and (b) plot the computed magnitudes of and
using (11) and (12), respectively. These two figures verify the
frequencies of the transmission and reflection zeros that are
obtained by analysis of Figs. 5 and 6.
The above example elucidates how the proposed filter

topology functions for a multiband BPF but not how to de-
termine the element values of the multiband BPF, because
the above example fails to address two important issues. The
first issue is the means of ensuring that the transmission and
reflection zeros are at the specified frequencies. This imposition
requires a simultaneous solution to the two sets of equations,

(13) and (14), of which the former is linear but the latter is
nonlinear. The other issue concerns ensuring the same values
for the common elements in the even-mode and odd-mode
half circuits of Fig. 3(a) and (b). These common elements
are , and ; the inductance does not pose a
problem because it is in parallel with another inductance
in the odd-mode half circuit, so it can be varied as long as the
inductances and in parallel satisfy (8). To overcome
the two aforementioned issues, a procedure was developed
for synthesizing a multiband BPF prototype with the specified
transmission- and reflection-zero frequencies while meeting
the consistency requirements in determining and . The
following section will discuss this procedure in detail.

III. SYNTHESIS PROCEDURE

This section describes a hybrid analytical and iterative proce-
dure for solving the two sets of (13) and (14) to implement the
multiband BPF design with the specified transmission- and re-
flection-zero frequencies. With reference again to Figs. 3(b) and
4(b), the equivalence of the two odd-mode half circuits yields
the following equation as the frequency approaches infinity,

(15)

Substituting (1), (2), and (15) into (13) yields

(16)

for . Equation (16) is a system of linear
equations in the unknowns, and , .
In this equation, and , , are the

specified transmission-zero frequencies; and ,
, are the resonant pole frequencies that are

set iteratively, and is the shunt capacitance in the core ICR
network of the multiband BPF with a final value determined by
a consistency condition.
Once the initial values of the parameters , ,

, and are given, (16) can be solved to obtain all
of the element values of the even-mode and odd-mode half cir-
cuits in Fig. 4(a) and (b), except for the input capacitances
and . Since equals , as determined by comparing
the two versions of the even-mode half circuits in Figs. 3(a) and
4(a), can be found by substituting (6) into (15) and elimi-
nating to yield

(17)
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Upon closer inspection, (17) needs to be solved numerically
because the capacitances , , that appear on
the right hand side of this equation are derived from the residues
of the odd-mode admittance, as described in (4), and therefore
depend on . In this work, Newton’s method is applied to
(17) to estimate , and subsequently to calculate
using (6).
To satisfy the requirements of the specified reflec-

tion-zero frequency conditions, the values of and ,
, need to be iteratively updated until the

nonlinear (14) is satisfied. Assume that the reflection zero
frequencies and depend only on the resonant pole
frequencies and , respectively, for , and are
independent of the others with . The resonant pole
resonant frequencies that are updated to satisfy (14) are derived
in relation to their original frequencies as follows:

(18)

for . In (18), and , ,
denote the updated resonant pole frequencies. In fact, and

depend most strongly on and , respectively, but also
less strongly on and for . Hence, (18) is iterated
using the solutions of (16) and (17) until convergence to yield
final estimates of the resonant pole frequencies. To ensure the
convergence, the updated and original resonant pole frequen-
cies are appropriately weighted to yield the new resonant pole
frequencies for use in the iteration

(19)

where is a weight parameter within the range of zero to one.
Finally, the value of that is used in (16) must be reexam-

ined for consistency. Since this value is an initial set value of
the capacitance in the odd-mode half circuit, it should be
consistent with the value of the capacitance in the
even-mode half circuit. Therefore, in this work, a simple scan
method is utilized to find the value of that equals the one
in .
Alternatively, a capacitively coupled resonator (CCR) net-

work can also be used as the core network of the proposed
multiband BPF topology. However, if a CCR network-based
topology is chosen, the shunt inductance in the CCR net-
work becomes the key element to assure the consistency con-
dition in the synthesis procedure. Since an inductor usually oc-
cupies a large area and has significant parasitics in LTCC, the
CCR network is therefore not preferred as compared to its coun-
terpart ICR network.
Fig. 8 provides a flow chart of the procedure, discussed above,

for designing the multiband BPF prototypes. It is emphasized
that the first three steps in this flow chart are crucial to the
success of this synthesis procedure. The first step of assigning

Fig. 8. Flow chart of the synthesis procedure for the multiband BPF prototype.

the transmission- and reflection-zero frequencies to the multi-
band BPF must be taken carefully because the proposed filter
topology does not guarantee a solution for any of those fre-
quencies, particularly when the transmission-zero frequencies
are set too close to the reflection-zero frequencies. After all, the
filter topology that is used herein is second-order, so relying
on the transmission zeros to ensure high selectivity may not
be practical. Nevertheless, the synthesizable transmission-zero
frequencies provide the obvious advantage of suppressing the
interference or spurious signals at multiple specific frequencies.
Interestingly, moving adjacent passbands very close together to
achieve a single higher-order passband is viable via a proper
frequency assignment. As an illustrative demonstration, Fig. 9
shows the merging of the two adjacent second-order passbands
of the penta-band BPF response in Fig. 7 into a single fourth-
order passband in a quad-band BPF profile. However, the total
number of usable transmission- and reflection-zero frequencies
reduces. Then the system becomes under-determined and may
have no solution or an infinite number of solutions.
In the second and third steps, the settings of the initial values

of the variable parameters , , and are critical to the
convergence of the iterative scheme used in this procedure. The
initial value of can use the design value from an ICR-based
single-band LTCC BPF, as investigated in [26]. Additionally,
setting and to the initial values of and , for
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Fig. 9. Merging two adjacent second-order passbands of the penta-band BPF
response in Fig. 7 into a single fourth-order passband in a quad-band BPF pro-
file. Note that the used parameters are the same as those for Fig. 7 except the
following ones: ;

; and , for
and 3. (a) Magnitude of . (b) Magnitude of .

, is a good idea. Furthermore, a larger weight parameter
corresponds to faster convergence, but also greater probability
of divergence. In the implementation of this synthesis proce-
dure, is set to 0.5, based on empirical results.

IV. DESIGN IMPLEMENTATION

To validate the procedure that was described in Section III
for synthesizing a multiband BPF prototype, which is shown in
Fig. 1, a dual-band design and a tri-band design were imple-
mented using this procedure. The synthesized prototypes were
structured in LTCC with fully three-dimensional (3-D) lumped
elements. This section provides details of the implementation of
both designs and the structures thus obtained.

A. Dual-Band Design

For 2.4 and 5.2 GHz Wireless Local Area Network (WLAN)
dual-band applications, the required passbands of the dual-band
BPF must cover frequencies from 2.4 to 2.5 GHz and frequen-
cies from 5.15 to 5.35 GHz. However, given the possibility
of a shift in the central passband frequencies owing to fabri-
cation tolerance, a larger passband bandwidth than required is
set by setting , ,

, and . Moreover,
considering the suppression of the interference signals from the
Integrated Services Digital Broadcasting—Terrestrial (ISDB-T)
and the Digital Video Broadcasting-Handheld (DVB-H) band
of 0.47–0.87 GHz and the Worldwide Interoperability for Mi-
crowave Access (WIMAX) band of 3.3–3.8 GHz, the desired
stopband performance is achieved by setting ,

, , and
.

In addition to the setting of the above four reflection-zero fre-
quencies and four transmission-zero frequencies, the value of

Fig. 10. Convergent element values of the even-mode and odd-mode half cir-
cuits for the dual-band BPF prototype with different set values of .

is set within a range from 5 to 7 pF in steps of 0.1 pF, and
the weight parameter is a fixed value of 0.5. Furthermore,
the four designated reflection-zero frequencies ,

, , and are used
as the initial values of , , and , respectively.
When these data are input to the synthesis procedure, which
is presented in Fig. 8, all of the values of the elements of the
even-mode and odd-mode half circuits in Fig. 4(a) and (b) are
as displayed in Fig. 10, as , , and all converge to
stable values. In this figure, the circled data points represent the
obtained element values that satisfy the consistency condition

.
Fig. 11 shows the convergence of the resonant pole frequen-

cies at ; it demonstrates that the resonant pole
frequencies starts as the reflection-zero frequencies and are it-
eratively adjusted until these reflection-zero frequencies satisfy
the condition in (14). The iterative process takes about 12 steps
to converge. Fig. 12 plots the -parameter magnitude responses
of the prototype solution found in Fig. 10, further verifying that
in these responses, the transmission and reflection zeros are at
the specified frequencies.

B. Tri-Band Design

The tri-band BPF design to be presented here has an ad-
ditional third band for 800 MHz long term evolution (LTE)
applications because it has one more pair of and

resonators than the dual-band BPF design has. To
yield three passbands that cover the necessary frequency ranges
of 2.4–2.5 GHz, 5.15–5.35 GHz, and 790–882 MHz, the re-
flection zeros for this tri-band BPF design are at frequencies
of , ,

, , ,
and . To desire that the three passbands
exhibit a symmetric rolloff response, the transmission zeros
are symmetrically located on the two sides of each passband
with spacings of 0.9, 1.3, and 0.6 GHz for the first to the third
bands, respectively. Therefore, the transmission-zero frequen-
cies are set as , ,

, , ,
and .
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Fig. 11. Convergence of the resonant pole frequencies of the even-mode and
odd-mode half circuits in the iterative approach to the solution of the dual-band
BPF prototype with .

Fig. 12. -parameter magnitude responses of the obtained dual-band BPF pro-
totype solution.

Fig. 13. Convergent element values of the even-mode and odd-mode half cir-
cuits for the tri-band BPF prototype with different set values of .

In this tri-band design, the values of range from 7 to 9 pF
in steps of 0.1 pF, while the value of is kept at 0.5. The initial
values of the resonant pole frequencies are also set to the re-
flection-zero frequencies. Consequently, Fig. 13 shows the con-
verged values of elements in the even-mode and odd-mode half

Fig. 14. Convergence of the resonant pole frequencies of the even-mode and
odd-mode half circuits in the iterative approach to the solution of the tri-band
BPF prototype with .

Fig. 15. -parameter magnitude responses of the obtained tri-band BPF pro-
totype solution.

circuits. Similarly, the data points that are circled in this figure
represent the desired element values with equivalent

. Fig. 14 reveals how the resonant pole frequen-
cies change in each iteration for . All of the reso-
nant pole frequencies converge in approximately a dozen itera-
tions. Fig. 15 displays the calculated magnitudes of -parame-
ters according to the prototype solution found in Fig. 13. These
responses confirm that the frequencies of the transmission and
reflection zeros are those specified in the design.

C. LTCC Structure

In this work, the designed BPFs were structured using the
Heraus LTCC process with a dielectric constant of 7.8, a loss
tangent of 0.003, and a layer thickness of 27 m. The conduc-
tors are silver with a thickness of 10 m. In the implementa-
tion of the synthesized BPF prototypes using lumped elements,
some of the elements are split into two equivalent ones in series
or in parallel to maintain symmetry. Table I lists the element
values required by the synthesized dual-band and tri-band BPFs
and the descriptions of the physical structures of the elements.
Basically, all of the elements are either inductors or capacitors
in a one-to-three layer structure. Most of the inductors have a
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TABLE I
VALUES AND STRUCTURES OF THE CIRCUIT ELEMENTS OF THE

DUAL-BAND AND TRI-BAND BPFS

Fig. 16. Schematic of lumped-element implementation and 3-D LTCC struc-
ture of the designed dual-band BPF. Note that SE stands for side electrode.

Fig. 17. Schematic of lumped-element implementation and 3-D LTCC struc-
ture of the designed tri-band BPF.

spiral shape in a single or stacked configuration. A few induc-
tors have a via conductor structure because they have very small

Fig. 18. Comparison of the magnitudes of -parameter among the synthe-
sized prototype, EM simulation and measurement for the designed dual-band
LTCC BPF.

Fig. 19. Comparison of the magnitudes of -parameter among the synthe-
sized prototype, EM simulation and measurement for the designed dual-band
LTCC BPF.

Fig. 20. Comparison of the magnitudes of -parameter among the synthe-
sized prototype, EM simulation and measurement for the designed tri-band
LTCC BPF.

inductance values. The capacitors form a parallel-plate or a ver-
tically-stacked-plate interdigital structure. Notably, these phys-
ical configurations of inductors and capacitors did not yield ex-
actly the element values that are provided in Table I. A change
in most of the element values of less than ten percent compen-
sates for the self-parasitics of the individual elements and the
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TABLE II
PERFORMANCE COMPARISON OF THIS WORK WITH PREVIOUS MULTIBAND LTCC BPF DESIGNS

defined as the bandwidth normalized by the center frequency
estimated from the spacings of the two designated reflection-zero frequencies for individual passbands
graphically estimated

Fig. 21. Comparison of the magnitudes of -parameter among the synthe-
sized prototype, EM simulation and measurement for the designed tri-band
LTCC BPF.

parasitics of interconnections. The exception is the inductance
of inductor , which is exceptionally large and must be es-
pecially considered. This inductor is substituted by an inductor
of 7.6 nH in parallel with a capacitor of 1.82 pF to maintain
the same resonant pole frequency of ,
which is shown in Fig. 14 as a final estimate of in the iter-
ative process.
Figs. 16 and 17 show the schematics of lumped-element

implementation and 3-D LTCC structures of the designed
dual-band and tri-band BPFs, respectively. Clearly, in these
two structures, the core ICR network elements are placed
in the middle layers, while the elements that are used in the
parallel and series resonators are placed in

the lower and higher layers, respectively. All of the conductors
are distributed through 13 out of 29 layers for the dual-band
LTCC BPF and 23 out of 49 layers for the tri-band LTCC BPF.
More layers than necessary are used in building the metallic
structures of the BPFs to reduce the parasitic shunt capaci-
tances of the elements to ground as well as to reduce the mutual
coupling of the elements. This leads to accurate and robust
frequency responses of the various resonators in the results
of electromagnetic (EM) simulation with isolated excitation.
Both dual-band and tri-band LTCC BPFs have the same area of

because their core ICR networks are similar, but
their thicknesses differ because they require different numbers
of layers to accommodate the feedback resonant networks. The
dual-band LTCC BPF is 0.9 mm thick, while the tri-band LTCC
BPF is 1.6 mm thick.

V. COMPARISON OF RESULTS AND DISCUSSION

For the purpose of measurement, the fabricated LTCC BPFs
were surface-mounted onto a printed circuit board. Then, with
the help of the Thru-Reflect-Line (TRL) calibration process,
the -parameters were measured by the network analyzer. For
the dual-band LTCC BPF, Figs. 18 and 19 compare the magni-
tudes of the and parameters that are predicted using the
prototype, obtained by the EM simulations using Ansys HFSS,
and measured. The comparison indicates that the prototype re-
sponses, except for the dissipative loss, are very close to the
EM-simulated and measured responses. In addition, the four re-
flection zeros are measured at 2.28, 2.62, 5.18, and 5.38 GHz,
and the four transmission zeros are measured at 1.07, 3.04, 3.92,
and 6.21 GHz. The maximum deviations of the reflection and
transmission zeros from their specified frequencies are 80 and
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140 MHz, respectively. Based on the measured results, the key
specifications of this dual-band LTCC BPF are summarized as
follows. The insertion loss is less than 1.8 dB in the 2.4–2.5 GHz
band and less than 2.1 dB in the 5.15–5.35 GHz band. The return
loss exceeds 11 dB in both bands. The attenuation exceeds 20 dB
in the stopband from 0.3 to 1.36 GHz, from 2.93 to 4.27 GHz,
and above 6 GHz.
Figs. 20 and 21 present the -parameters of the tri-band

LTCC BPF. Again, close agreement can be obtained among
the results from the prototype predictions, EM simulations and
measurements if the dissipative loss is not considered. The
measured results show that the six reflection-zero frequencies
are 0.78, 0.94, 2.4, 2.62, 5.05, and 5.29 GHz, and the six trans-
mission-zero frequencies are 0.52, 1.09, 2.03, 2.91, 4.62, and
6.02 GHz. The maximum deviations of the reflection-zero and
transmission-zero frequencies from the designated frequencies
are 110 and 120 MHz, respectively. The measured results
also indicate that this tri-band LTCC BPF has the following
important specifications. The insertion loss is smaller than 1.2,
1.6 and 2.8 dB within the 790–882 MHz band, 2.4–2.5 GHz
band and 5.15–5.35 GHz band, respectively. The return loss
is greater than 12 dB in all three bands. Due to a setting of
the transmission-zero frequencies closer to the passbands, the
tri-band LTCC achieves a steeper rolloff from each passband
to the stopband than does the dual-band LTCC BPF. However,
this advantage is at the expense of an increased minimum atten-
uation between the two adjacent transmission-zero frequencies
in the stopband. Fig. 20 shows that the tri-band LTCC BPF has
local minima of attenuation with values of 9 and 14 dB at 1.36
and 3.42 GHz, respectively.
Table II compares the measured performance between this

work and the previous works on multiband LTCC BPFs. The
comparison reveals that the presented dual-band BPF has com-
parable insertion and return losses in the passbands and numbers
of transmission zeros in the stopbands to the other dual-band
ones, but the proposed design achieves the smallest area. More-
over, this work demonstrates a superior capability to extend the
LTCC BPF design from the dual-band to the tri-band under the
same area constraint.

VI. CONCLUSION

This paper proposed a novel topology and a synthesis proce-
dure for designing multiband LTCC BPFs. The filter topology
uses an ICR circuit as the core network and extendible multi-
stage resonant circuits as series- and parallel-feedback networks
to configure a multiband BPF prototype with an expandable
number of operating bands. The passbands and stopbands are
highly configurable by varying the synthesizable reflection- and
transmission-zero frequencies. The proposed synthesis proce-
dure was utilized to establish a dual-band and a tri-band BPF
prototypes for WLAN and LTE applications, which are imple-
mented in LTCC with 3-D lumped elements. EM simulations
and experimental results validate the presented methods and
demonstrate the compact size of the designed LTCC BPFs.
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