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A Compact Second-Order LTCC Bandpass Filter
With Two Finite Transmission Zeros
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Abstract—A novel implementation and associated design mobile (GSM) triple-band mobile phones has been built based
formula for a compact low-temperature cofired ceramics (LTCC)  on LTCC technology [4].
lumped-element second-order bandpass filter are proposed in this - Among various passive components, people usually pay the
g:rpfsr' izh\(/aveﬂllltelznf)(\:/\k/]ﬁ.ml?uig tzﬁgx?\ﬂ??ﬁ emp?agre":etrt]gntshnglsf?tgr] most.attention. to t_he filter. With the added new design dimen-
schematic is built on a pair of conventional inductive coupled SION in thez-direction provided by LTCC, a lumped-element
resonator tanks with a feedback capacitor between input and RF filter can now be implemented in a stacked structure. The
output. While revealing its working mechanism both graphically =~ stacked architecture can not only shrink the size, but also pro-
and mathematically, a simple design procedure for such a compact vide various coupling mechanisms to achieve a better selec-
L”tg{xlfa;alleslpCgel:’/:r?]-iCTZEb%rt?gt%SiiiI‘IlgerL'lbg(s: t;‘e?‘zﬂn'mgg;m‘zﬂgivdir:g tivity. A notable bandpass-filter structure that truly utilizes the
promising application potentials in miniaturized mobile terminals LTCC_ features |s_presented in [3], _Where a mL_JtuaI Induct_lve
and Bluetooth RF front-ends. The measured results agree very COupling was achieved by overlapping the two inductor strips
well with the full-wave electromagnetic designed responses. in the z-direction. The inductive mutual coupling is equivalent
. , . to inserting, in series, ahC resonator tank between the two
Index Terms—Filters, low-temperature cofired ceramics .. L. .
(LTCC), multilayer RF circuits. resonatorls. Therefore, one f|n|te transrmssmn zero can be intro-
duced to improve the selectivity at the image frequency.
In this paper, a compact LTCC lumped-element structure for
. INTRODUCTION a well-known second-order filter schematic [6], [7] with two

HE latest wireless products demand ever-greater furf€@nsmission zeros is proposed. This filter has the same number

tionality, higher performance, and lower cost in smalle?f €lements as the one in [S]. However, rather than having a cou-
and lighter formats. This demand has been satisfied to dR{'9 capacitor between the two resonators, this capacitor is now
by major advances in integrated circuit (IC) and high-densifjfoved to connect the input and output [see Fig. 1(a)] to create
packaging technologies, even though the RF sections have c@ﬁeedback path. It is shown that this changg will introduce two
tinued to demand high-performance and miniaturized passf/dite Z€ros, instead of one, to the transmission response of the
components such as matching and filtering circuitry. Continuirftfer- The transmission zeros improve the filter selectivity by
reductions in size of discrete surface mounted components Hagling off the attenuation at the far ends of both the lower and
having diminishing returns because of the incompatibility ¢fPPer stopbands. _ .
the printed circuit board (PCB) technology, as well as the high The emphasis of this paper is also placed on revealing the
cost of assembly of those tiny discrete components. Thetrking m_echanlsm_ of thefllte_r schematic both graphically and
fore, new technological approaches are required to addrédthematically. A simple design procedure for such a compact
the integration of passives. One of the important means todH{gr iS also given. The graphic solution suggests that the pres-
for integrating passives, particularly for RF functional passivé'ce Of the zeros (as long as they are not too close to the pass-
modules, is low-temperature cofired ceramics (LTCC). ~ band) do not change the passband characteristics of the filter

Thanks to the new technology that has the greatest e{@? much,wheregs thelmathenjatlcal solu.tllon points out that '_[he

flexibility to layout conducting circuitry in a three-dimensionafilter can be readily deS|g_ned wnh the traditional filter §ynthe3|s
fashion, many new compact passive circuit implementatioffocedure. A prototype filter of size 126 80 x 21.6 mif has
which were considered impossible to realize with tradition®€€n implemented in a multilayer LTCC substrate for experi-
processes, have been proposed for various wireless apB]@”tEﬂ venﬂc_aﬂon. The filter components h_a\_/e been realized
cations. Examples of the applications include the compaéting 7xm-thick silver alloy for best conductivity.
semilumped low-pass filter in [1] and the LTCC duplexers in
[2] and [3]. It has been reported recently that a RF front-end II. THEORY
module (FEM), integrating over 50 components in a package

measuring only 6.% 5.5 x 1.8 mn#, for global system for _ The two-pole f||ter schematic to be implemented is shown
in Fig. 1(a). It consists of a second-order coupled resonator
bandpass filter (with both capacitive and inductive couplings) in
Manuscript received September 16, 2001; revised February 11, 2002. Tﬂ@ra”e_l W'f[h a f_eedbaCk Capac_|t0r- The purpose_of _the feedback
work was supported by the Research Grants Council of the Hong Kong Spedalpacitor is to introduce a pair of finite transmission zeros to
Administrative Region under Grant 2150237/4213/00E. _the transmission transfer function—one in the lower stopband
The authors are with the Department of Electronic Engineering, The Chinese . .
University of Hong Kong, Shatin, Hong Kong (e-mail: kiwu@ee.cuhk.edu.hkNd another one in the upper Stopb.an.d. It will be Qemonstrated
Digital Object Identifier 10.1109/TMTT.2002.807846 ater that the passband characteristics of this filter and the
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Fig. 1. (a) Schematic of the two-pole second-order filter. (b) Alternative representation of the filter schematic.

one without the feedback capacitor are almost the same. Théurth-order polynomial irs is obtained, and the locations of

overall admittance matrix for the filter schematic will be thehe two finite transmission zeros will then be the two positive
sum of those for the coupled resonator filter and the feedbaaots of the polynomial. Alternatively, as shown in Section I,
capacitor. In such a case, the overall admittance matrix is tbey can also be found by solving (2) and (4) graphically.

the form

sC+1y), —sC+yl, I1l. LTCC FILTER IMPLEMENTATION
"\ soayy sty @) A Circuit Model

wheres = jw andy!,, ¥, y41, andy), are the elements of the Having discussed the theory in Section Il, the filter real-
admittance matrix for the coupled resonator filter without thigation and implementation issues will now be addressed in
feedback capacitor. Using this admittance matrix, the locatigfeater detail. The first step is to obtain the circuit model of
of the finite transmission zeros can then be obtained by solvilftf filter according to the desired specifications. Based on

the following equation: the synthesis method for a bandpass filter outlined in [8], a
, second-order Chebyshev-type bandpass filter of 0.2-dB ripple,

—sC +yjp = 0. (2)  2.5-GHz center frequency, and 0.3-GHz equal-ripple bandwidth
With this equation in mind, the next step is to obtain thBas been designed. The corresponding component values in

To simplify the analysis, the circuit in Fig. 1(a) is firstC1 = C2 = 2.48 pF, andM M = 9.27 nH. o

transformed to the one shown in Fig. 1(b) using feto- The_dashed curves in Fig. 2(a) show_ the transmission and
Delta transformation. The values of the inductors in this netgflection responses of the Chebyshev filter. Notice that these
configuration are given by responses are not symmetrical in shape. After obtaining the

circuit model for the coupled resonator filter, the next step is

LL, = (Lo = M) (Lo = M)+ (L = M)M + (L2 —M)M to determine the value of the feedback capacitor. Depending

L-M on the desired locations of the transmission zeros, the value of

(3a) the capacitoilC' can be selected to meet the requirement by a
LL. — (Li—M)(Ly—M)+(Li—M)M+(Ly—M)M graphical method. As shown in Fig. 2(b), the locations of the
> Li—M zeros will simply be the intersections of the straight line of
(3b) sC and the curve of/,. In this example, a 0.1-pF capacitor
has been used and the corresponding zeros are locating at 1.84
Li—M)(Lo—M)+(Li—M))M+(Lo—M)M
MM = (L1 )Lz )+(Ls JM (L ) and 3.15 GHz. With the insertion of this coupling capacitor,

M (3c) the responses of the filter are now changed to those shown

_ _ o in the solid curves of Fig. 2(a). It clearly shows that the two
and then, by performing the nodal analysis on the circuit of thgansmission zeros appearing at the stated frequencies and the

coupled resonator filter, the elemeyjt, can be found as passband characteristics are almost the same as the one without
/ sCC1CCy /MM 4 the capacitorC.
Y12 = T O 1/5LL) (sCh + 1/sLy) — 1/s2 MM? @

B. Physical Layout

While the two-pole filter was analyzed based on the circuit

C1=CC1+Cy C3=CC+0C } (5) Model of Fig. 1(b), the circuit model of Fig. 1(a) is a better
Ly =LL//MM Ly=LLy//MM )" choice for realization in LTCC. The reason is that the large-value
Substituting (4) into (2) and rewriting it as inductor M M is replaced by a small-value mutual inductance
) i M, which can easily be implemented by placing two inductors
S4OICL + 52 <ﬁ + % + CCi - CO?) close to each other in vertical direction using LTCC technology,
resulting in size reduction. In the experimental filter considered,

where

Ly, L} MM -C
1 1 _ 0. (6 the values ofL,, Ly, and M in Fig. 1(a) are 1.16, 1.16, and
* LiL, MM?) "~ ) 0.19 nH, respectively.
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Fig. 2. (a) Transmission and reflection responses of the filters. (b) Locations

of the transmission zeros.
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Fig. 4. Mutual inductance versus separation distance (ground plane=at
0 mil, two strips witha = d = 8 mil, andP = 3.6 mil).

With the multilayer capability of the LTCC technology, the
lumped-circuit model can be readily realized by using parallel In Fig. 4, the mutual inductance of two 8-mil-width strips
plates for the capacitor and a metallic strip for the inductor. Fgfer different strip length_en) as a function of normalized hor-
the initial physical layout design, the simple, but well-knowfgontal separation distance is shown. Notice that the strips are
parallel-plate formula can be used to calculate the rough ed@cating at two different layers (separated by an LTCC substrate
mation on the dimensions of a capacitor. On the other hand€fs3.6 mil in thickness). It can be seen from this figure that a
more complicate formula is required for the estimation on an if2utual inductance of 0.19 nH can be achieved by combining
ductor or a mutual inductance between the two inductors. Wigfferent strip lengths and separation distances. In the experi-
the reference of Fig. 3, the formula for calculating the self-ifhiental filter, two 8x 60 mi* strips separated by a distance of
ductance of an infinite thickness strip or the mutual inductanfe>? x 8 = 4.56 mil were used.
between two such strips is given by [9]
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Having had these formulas, the initial physical layout of the
proposed filter can then be easily set up. A fine tuning is re-
quired to accommodate the parasitic effects of each lumped el-
ement, mutual coupling effects between elements, and finalize
the layout design by employing full-wave electromagnetic (EM)
simulation tools, e.g., IE3D, Zeland Software, Fremont, CA, in
this study.

IV. EXPERIMENTAL RESULTS

An experimental filter has been designed and built in an
LTCC format at the LTCC Division, National Semiconductor
Corporation, Santa Clara, CA, according to the procedures
outlined above. Fig. 5 shows the physical layout of the filter. It
was constructed inside an LTCC substrate (Dupont 951AT) of
six layers with 3.6-mil thickness. The components of the filter
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The measurement was carrying out by connecting a probe sta-
tion to the two external ports [shown in Fig. 5(b)] of the device.
iLayer 46 The collected data was then calibrated to the desired reference
; plane by the thru-reflect line (TRL) technique through carefully
E designed calibration standards embedded in the same LTCC tile.

The measured responses of the filter together with those from
EM simulation are presented in Fig. 6. It can be seen that, due
to the zero metallic strip thickness model used in the design,

Capacitor C

\Layer 3 which underestimates the capacitance of the parallel plates, the
Port 1 ! . .
measured responses are slightly shifted toward the lower fre-
iLayer 2 guency end. Nevertheless, the correlation of the theoretical and
measured results is very good. Notice that the two finite zeros
iLayer 1 in the transmission response of the filter are located at the pre-

scribed locations.

V. CONCLUSIONS

In this paper, a compact LTCC second-order filter has
been presented. It has utilized a simple feedback coupling
capacitor between the input and output ports to produce two
finite transmission zeros in the transfer function. It has been
demonstrated that the filter not only has a better selectivity,
but also has nearly the same passbhand characteristics as those
of the traditional second-order coupled-resonator filter. The
mathematical formula and graphical design procedure for the
well-known two-pole filter schematic have been provided with
detailed derivation. Practical LTCC implementation issues have

©) also been discussed. Very good agreement can be observed
Fig. 5. (a) Physical LTCC layout of the filter. (b) Experimental prototype. between the designed responses and experimental results.
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