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A High Stopband-Rejection LTCC Filter
With Multiple Transmission Zeros

Yng-Huey Jeng, Student Member, IEEE, Sheng-Fuh R. Chang, Member, IEEE, and Hsiao-Kuang Lin

Abstract—A low-temperature-cofired ceramic (LTCC) band-
pass filter with high stopband rejection is presented for multi-
standard coexisted wireless communication applications, such as
the integrated wireless local area network (WLAN)/wavelength
code-division multiple access handset, the dual-band triple-mode
WLAN:S, and the global system for mobile communications/global
positioning system receivers. By improving the filter cell structure,
2n transmission zeros can be generated to achieve wide-band
suppression from cascading n filter cells. The presented method
provides the design flexibility of locating these transmission zeros
distributed in the lower and upper stopbands. An LTCC bandpass
filter with four transmission zeros has been implemented for ex-
perimental demonstration. The measured insertion loss is less than
1.5 dB at 2500 MHz, and four transmission zeros are obtained
at 1.64, 1.88, 4.36, and 5.32 GHz, respectively. These result in
48-59 dB for lower stopband suppression and 38-55 dB for higher
stopband reduction. This paper demonstrates that the proposed
filter is extremely suitable for the multiband RF transceivers
where the cross-band interference must be adequately reduced.

Index Terms—Bandpass filters, image parameter, low-tempera-
ture-cofired ceramic (LTCC), stopband rejection.

1. INTRODUCTION

HE development of multistandard coexisted mobile and

wireless communications has been driving the RF trans-
ceiver to work at multiple different frequency bands since the
coexisted wireless systems have their globally or regionally
assigned operation frequency bands. For example, the wave-
length code-division multiple access (WCDMA )/wireless local
area network (WLAN) coexisted mobile terminal operates at
1.9 GHz for the WCDMA mode and 2.4 GHz for the WLAN
mode. Thus, the RF transceiver architecture revolve from the
conventional narrow-band architecture into various multiband
forms, such as combined two narrow-band RF transceivers in
parallel [1], [2] or concurrent architecture [3], [4]. This, in turn,
requires new design considerations for both passive and active
RF circuits of their original performance. Particularly for the
RF band-selection bandpass filter, it must bear new requirement
of stringent stopband suppression to reduce cross-band interfer-
ence. This requirement becomes more difficult to be achieved
when the operating frequencies of coexisted systems are close.
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Therefore, the bandpass filter with multiple arbitrary transmis-
sion zeros is necessary for use in the growing multiband RF
transceivers.

In [5], the authors proposed a modified Chebeyshev bandpass
filter to allow multiple transmission zeros that were arbitrarily
distributed in the stopbands. Tang [6] adopted this schematic to
design a 2.4-GHz bandpass filter with two transmission zeros
in the lower stopband and one transmission zero in the upper
stopband. By realizing the ten-layer low-temperature-cofired
ceramic (LTCC) technology, the filter shows a good measured
insertion loss of 2.0 dB, but the lower stopband transmission
zeros are degenerated into one. Yeung and Wu [7] reported an
LTCC bandpass filter with two transmission zeros based on
the conventional schematic of a pair of inductive coupled res-
onators. The measurement results showed that two transmission
zeros are located at the prescribed frequencies. Another work
by Wada and Awai [8] employed the tapped half-wavelength
open resonator to realize the Chebeyshev prototype and to
generate two transmission zeros on each of the lower and upper
stopbands. If n tapped half-wavelength resonators are used,
there are 2n transmission zeros.

In this paper, a different design approach from the above
methods [5]-[8] is presented based on the image-filter synthesis
technique [9]-[11]. The approach cascades multiple elementary
filter cells to achieve the desired specifications, where each
cell can have the low-pass, high-pass, or band-pass response
and is impedance-matched with its adjacent cells. To have
advantageous stopband transmission zeros, new filter cells with
inherent stopband transmission zeros are proposed. This design
approach has fewer components than the circuits in [5]-[7]
based on the comparison of the same number of transmission
zeros. In Section II, the new filter cells having two transmission
zeros are described. The design procedure is given in Sec-
tion IIl. For the compact wireless transceiver applications in
WCDMA/WLANSs, a demonstrated bandpass filter with four
transmission zeros is implemented using a multilayer LTCC
technology. The cross-layer coupling effect, which is ignored
in the proposed method, is included by three-dimensional (3-D)
electromagnetic (EM) simulation. The measurement results
are discussed in Section IV, and this paper is summarized in
Section V.

II. FILTER CELLS WITH TWO TRANSMISSION ZEROS

By the image-filter synthesis technique, a bandpass filter
can be easily synthesized with a cascade of double-m-derived
filter cells [9]-[11]. The advantage is that this filter cell, which
is illustrated in Fig. 1(a), provides two stopband transmission
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Fig. 1. Bandpass filter cells with two transmission zeros. (a) Conventional
double-m cell. (b) Proposed cell with lumped elements. (c) Proposed cell with
hybrid of lumped and distributed elements.

zeros. However, this topology has the drawback of unreal-
istic inductance value L3 when implemented with the LTCC
foundry process. Therefore, an enhanced filter cell without L3,
as shown in Fig. 1(b), is proposed. Furthermore, another form
of the proposed filter cell is also investigated, which is a hybrid
of distributed and lumped elements, as shown in Fig. 1(c).

A. Lumped Filter Cell

The ABC'D matrix of the lumped filter cell in Fig. 1(b) can
be expressed as

1
A B _ 1 FoCs
C D —jwCy¥a QG

2 2
Qc=<;”—2—1) (1—“’—) (1
z1 22

where w,1 = (1/v/L1C1) and w,2 = (1/4/L2C>) denote
the angular transmission-zero frequencies, which are generated
from the series resonance of the shunt branches L; — C; and

—C. Atthe transmission-zero frequencies, the input signal is
totally reflected, resulting in infinite rejection. The circuit char-
acteristics including the input image impedance Z, the output
image impedance Zr, and the transfer constant y under the
impedance match condition can be derived from (1) as follows:

AB Qc
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For real power transfer to the matched load in the passband,
the image impedances must be positive real and the transfer con-
stant «y is purely imaginary. While in the stopband, the imped-
ances are imaginary and the transfer constant v becomes neg-
ative real. Therefore, from (2)-(4), the term D in (1) vanishes
at a certain frequency named the transition frequency w.. By
taking one step further, at the center angular frequency wq of
the passband, it is desired that the input impedance Z, matches
the source impedance g and the output impedance Z7 equals
the load impedance Rr. Consequently, based on these criteria
(D(we) = 0,Zz(wo) = Rs and Zp(wp) = Ry) and the defi-
nitions of transmission zero, the circuit elements can be written
in terms of w,1, w,2, W, we, Rs, and Ry, as follows:
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This set of equations will be used as the first-step circuit design
under the prescribed filter specifications.

B. Hybrid Filter Cell

The shunt branch L; —C} (as well as L, —C'3) can be replaced
by a step-impedance resonator, as shown in Fig. 1(c). The step-
impedance resonator has the electric lengths #; and 67 at w.o
and the characteristic impedances Z; and Zs (let k = Z1/Z5).
With the similar derivation as given in Section II-A, the ABC D
matrix and circuit elements can be obtained as follows:

1 1
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C. Cascade of Filter Cells

Various types of bandpass filters with multiple transmission
zeros can be constructed with cascade of above filet cells.
If n filter cells are employed, 2n transmission zeros can be
generated. The commonly used filter cells include 7, T-type,
double-7, and double-T architectures, where some of them
are drawn in Fig. 2. The n- and T-type architectures have
four transmission zeros while the double-7 architecture has
eight transmission zeros. Half of the transmission zeros are
distributed over the lower stopband, and the other half are
spread over the upper stopband.

III. FILTER DESIGN WITH LTCC TECHNOLOGY

To explain the circuit design details, an exemplary 7-type and
double-7 bandpass filter is designed, and the 7-type bandpass
filter will be implemented with a seven-layer LTCC foundry.
The design goal is a 2.4-GHz industrial-scientific—-med-
ical (ISM)-band WLAN/WPAN bandpass filter with high
cross-band rejection of 45 dB at 1.8-1.9 GHz (GSM mobile)

cell a cell b

(c)

N

Fig. 2. Schematic diagram of bandpass filters. (a) Lumped-=. (b) Lumped
T-type. (c) Hybrid-7. (d) Hybrid double-7.

and 30 dB at 4.4-5.4 GHz (UWB). The design procedure is
described in Section III-A.

A. Circuit Element Estimation and Calculated Spectral
Response

The initial element values are calculated by selecting the fol-
lowing parameters:

« center frequency f,: 2.45 GHz;

¢ low-band transmission zero frequencies f.; and f.o: 1.7
and 1.9 GHz;

* high-band transmission zero frequencies f.3 and f.4: 4.25
and 5.25 GHz;

* cutoff frequency f.: 2.3 GHz;

* input and output impedance: 50 €.

The 1.9- and 4.25-GHz transmission zeros are provided from
Cell @ and the 1.7- and 5.25-GHz transmission zeros are from
Cell b. Substituting these parameters into (5)—(9), the element
values are obtained and tabulated in Table I for the lumped-7
structure. For the hybrid-m structure, we select §; = 50° and
k = 0.7 for Cell a and 8; = 60° and k = 0.5 for Cell b. Then,
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TABLE 1
ELEMENT VALUES OF THE LUMPED-7 TYPE LTCC BANDPASS FILTER
C. |2.37pF | L, |2.96nH | f.. | 1.90 GHz
C. | 1.71pF | L, 1 0.82nH | f.. | 4.25GHz
C, |554pF | L, | 1.58nH | f.» | 1.70 GHz
Cy [323pF| L, |0.28nH | f.2 | 5.25GHz
C. | 2.68pF | Cy | 2.68pF
TABLE II
ELEMENT VALUES OF THE HYBRID-7 TYPE LTCC BANDPASS FILTER
Z, |2493Q| Z,, |35.61Q |k 0.7
6, | 50° &, | 30.43° faa | 4.25 GHz
C. |248pF | L, |12.83nH | /.. |1.90GHz
Zy, | 1215Q| 2y, |2431Q |k 0.5
by | 60° 0y | 16.10° S | 5.25GHz
Cy | 5.14pF | L, | 1.704nH | f, | 1.70 GHz
C, | 1.33 pF

the other parameters, 65, Z1, Z5, Cy, L1, and C5 are calculated
by using (11)—(15). The element values are listed in Table II.
By substituting the estimated element values into the
lumped-m, hybrid-w, and hybrid double-m networks in Fig. 2,
their spectral responses can be obtained. The spectral charac-
teristics of 7 circuits are drawn in Fig. 3(a). The calculated
return loss is 32 dB. Four transmission zeros are generated
at 1.7, 1.9, 4.25, and 5.25 GHz, thus satisfying the required
stopband rejection. Both realizations by lumped elements
and hybrid lumped and step-impedance resonators have almost
identical spectral responses. This shows that both lumped-7 and
hybrid-m networks can achieve the prescribed filter response
and provide the designer with an option to choose available
components in implementation. In Fig. 3(b), where double-7
circuitry is used, eight transmission zeros are distributed over
both the lower and upper stopbands such that a high stopband
rejection can be achieved over a wide frequency range.

B. LTCC Layout

For experimental verification, the hybrid-7 circuit is imple-
mented on a seven-layer LTCC substrate, which has a dielectric
constant ¢, of 7.8, loss tangent of 0.0043, and a dielectric layer
thickness of 90-90-135-90-90-90-180 ;sm consecutively from
the top. The layout and the microphotograph are shown in Fig. 4,
where the circuit size is 5.4 mm X 3.9 mm x 0.765 mm. The
coupling capacitor C; is implemented in layers 1 and 2 using
the metal-insulator—metal (MIM) structure. Two inductors L4
and L, using the planar spiral structure are located on layer
3. The capacitors C1, and Cy; are formed by layer 5 with the
ground layers 4 and 6, where C1,, is implemented with the MIM
structure and C1;, with the vertically interdigital-capacitor (VIC)
structure. The step-impedance resonators are placed on layer 7,
which are shielded with two neighboring layers (6 and 7b) to
minimize the interaction with other components.
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Fig. 3. Calculated spectral response with the proposed method. (a) Lumped-=

and hybrid-7 network. (b) Hybrid double-7 network.

C. 3-D EM Simulation for Including Substrate Losses and
Cross-Layer Coupling

To include the dielectric and conductor losses and the
cross-layer spurious coupling in the LTCC multilayer structure,
a 3-D EM simulator HFSS' was conducted. It was found from
the simulation that the parasitic ground capacitance C is on
the order of subpicofarads, which will considerably affect the
correct C value and the step-impedance-resonator dimensions,
as estimated in Section III-A. Therefore, each component di-
mension is fine-tuned to have the correct passband and satisfied
insertion loss and stopband rejection.

Fig. 5 compares the calculation results, based on the pro-
posed method, with the HFSS simulation results. The calcu-
lation results of the hybrid-m LTCC bandpass filter are illus-
trated by the dotted line, and the HFSS simulation results are
drawn by the solid line in Fig. 5. The HFSS simulation results
demonstrate a 1.8-dB insertion loss and a 15-dB return loss at
2450 MHz. The four transmission zeros are observed at 1.6, 1.9,

UHFSS v9.1, Ansoft Corporation, Pittsburgh, PA, 2003.
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Fig. 4. Designed 2.45-GHz hybrid-m bandpass filter. (a) LTCC layout.
(b) Microphotograph.
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Fig. 5. Comparison of the calculation results (based on our proposed method)

and the HFSS simulation results.

4.2, and 5.25 GHz, respectively. The calculation and EM simu-
lation agree very well in overall frequency response. Neverthe-
less, the passband bandwidth slightly widens in simulation due
to the conductor and dielectric losses and the cross-layer cou-
pling in the LTCC structure, which can be taken into account by
HFSS simulation but ignored in the derived equations (5)—(9)
and (11)—(15).

IV. MEASUREMENT RESULTS AND DISCUSSION

The ground-signal-ground (G-S—G) probes with 250-pm
pitch are used for on-chip measurement, which are connected to
the vector network analyzer for obtaining scattering parameters.
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Fig. 6. Simulation and measurement results of the 2.45-GHz hybrid-w
bandpass filter.

The measured insertion loss is less than 1.5 dB, and the return
loss is better than 15 dB at 2500 MHz for Fig. 6. The four trans-
mission zeros are measured at 1.64, 1.88, 4.36, and 5.32 GHz,
respectively. Although the two higher transmission-zeros fre-
quencies are slightly up-shifted, their resultant stopband rejec-
tion is not deteriorated. In the low band of 1.6-1.9 GHz, the
stopband suppression of 48—59 dB is achieved and, in the high
band of 4.1-5.4 GHz, suppression of 31-55 dB is obtained. The
measurement results agree very well with the 3-D simulation,
showing that the proposed design method is very effective in
high-performance LTCC bandpass filter design.

V. CONCLUSION

An LTCC bandpass filter with high stopband rejection
is presented based on the image-filter synthesis method for
multiband RF transceivers in the multistandard coexisted wire-
less communication. New filter cell structures with stopband
transmission zeros, which are suitable for the LTCC foundry
process, are analyzed such that a compact LTCC bandpass
filter with 2n stopband transmission zeros can be accurately
designed by the cascaded combination of n such cells. These
2n transmission zeros can be arbitrarily distributed in the lower
and upper stopbands. The advantage of the proposed method
provides a set of accurate and explicit equations for element
value estimation to achieve the required filter specifications.
Then, these values are substituted into an EM simulator for
fine-tuning to include the LTCC substrate conductor losses and
cross-layer coupling. An LTCC hybrid-7 bandpass filter has
been implemented for WCDMA/WLAN coexisted application.
In the range of 2400-2500 MHz, the measured insertion loss
is less than 1.5 dB and the return losses are better than 15 dB.
Four transmission zeros are obtained at 1.64, 1.88, 4.36, and
5.32 GHz, respectively, which results in 48—-59 dB lower stop-
band suppression and 31-55 dB upper stopband suppression.
These promising results demonstrate that the proposed filter has
great application potential in multiband RF transceivers, where
the stringent cross-band interference suppression is required.
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