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A Fully Embedded 60-GHz Novel BPF for LTCC
System-in-Package Applications

Young Chul Lee, Member, IEEE, and Chul Soon Park, Member, IEEE

Abstract—In this paper, a novel LTCC stripline (SL) 60-GHz
band-pass filter (BPF) composed of transitions to coplanar wave-
guide (CPW) pads for monolithic microwave integrated circuit
integration is presented. For low-loss interconnection with active
devices, a CPW-to-SL vertical via transition integrating air cavi-
ties and a CPW-to-CPW planar transition using internal ground
planes are proposed and implemented. The fabricated transition
shows an insertion loss of 1.6 dB and a reflection loss below —20
dB at the passband of the filter. The implemented SL. BPF using
dual-mode patch resonators shows a center frequency of 60.4
GHz, 3.5 % bandwidth, and reflection losses below —15 dB at the
passband. Excluding the insertion loss of the transitions, the filter
insertion loss reveals 4.0 dB.

Index Terms—Bandpass filter, low-temperature cofired ceramics
(LTCCs), patch rasonator, stripline.

I. INTRODUCTION

S DEMANDS for high-speed multimedia data commu-

nications are on the rise, carrier frequencies are also
increasing from low-frequency bands such as 2.4- and 5-GHz
band to millimeter-wave (mm-wave) bands. Recently, many
mm-wave systems, including mm-wave video transmission,
wireless-LANs, and wireless Ethernets, have been proposed
and developed [1]-[4]. In particular, 60-GHz band systems
are very attractive because of their unlicensed wide frequency
bands. In order to implement these wireless communication
systems commercially, a small size and lightweight radio trans-
ceiver is indispensable. Multilayer low-temperature cofired
ceramic (LTCC)-based system-in-package (SiP) technology
[1]-[4], integrating monolithic microwave integrated circuits
(MMICs) and passive devices, is one of the best solutions
for mm-wave radio integration due to its low loss, integration
capability, similar temperature coefficient of expansion (TCE)
value to MMICs, and cost effectiveness.

For compact transceiver applications, the key component, es-
pecially the bandpass filter (BPF) which covers significant space
and cannot be integrated within the active circuit, is required to
be integrated three-dimensionally (3-D) with active circuits. In
general, the BPFs have been implemented using planar struc-
tures. However, planar circuits are usually bulky and suffer from
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Fig. 1. Layout of a 60-GHz stripline LTCC BPF (1.8 x 3.5 mm?) and transi-
tions (2.4 X 0.9 mm?) involving CPW-to-SL stagger via transitions embedding
air cavities and CPW-to-CPW planar transitions for RF system integration ap-
plications (P-R: a patch resonator, f_io: an input and output feed line and f_int:
an inter coupling feed line).

radiation of resonators and high-resonator loss. Also, integra-
tion capability is poor and an additional package is required.
Special types of filter, using microelectromechanical systems
(MEMS) technology [5], achieved good performance. However,
the packaging and system integration issue still remain. A flip-
chip type of planar dielectric waveguide filter, 4.7 x 3.2 x 0.25
mm? in size [6], was reported for RF SiP applications [1]. For
suppression of the coupling effects due to radiation, this filter
was packaged as bulky as 13 x 10 x 1.27 mm?. This approach
resulted in increased return losses and bulky systems.

In this paper, a novel low-radiation SL BPF, which can be
fully integrated in LTCC SiP module, is presented for 60-GHz
wireless communication applications. In order to fully integrate
it into a LTCC SiP, a novel coplanar waveguide (CPW)-to-SL
vertical transition and a CPW-to-CPW planar transition are
newly devised using embedded air cavities, stagger via struc-
tures (STVs), and internal ground planes. For compact, reduced
process sensitive, and low-loss filter design, the BPF is de-
signed and implemented using dual-mode patch resonators in
the LTCC dielectric.

II. DESIGN OF A FULLY EMBEDDED STRIPLINE BPF

Miniaturization, electromagnetic interference, low-loss inter-
connection, and reduced process sensitivity have been consid-
ered as the most important issues for RF system integration. The
miniaturization of the filter is pursued through vertical deploy-
ment of its elements using multilayer dielectrics. An electro-
magnetic crosstalk due to radiation has been dealt with by using
a low-radiation filter and a low-loss transition structure. High
fabrication tolerances of LTCC technology strongly affect poor

1521-3323/$20.00 © 2006 IEEE
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Fig. 2. Cross-sectional view of a proposed SL BPF involving two blocks at the part A-A’ of Fig. 1 (E-GND: external ground plane, I-GND: internal ground plane,

and Lx: number of layers).

frequency response and the repeatability of the filter. Therefore,
a filter structure utilizing wide lines and widths should be pro-
posed.

In order to meet these requirements, an SL BPF using a dual-
mode patch resonator is the most preferable solution, because
dispersion and radiation of a SL are negligible and upper and
lower ground planes provide effective shielding. The dual-mode
patch resonator offers a very compact structure because of dual-
modes per resonator and an insensitiveness to process toler-
ances because of wide patches [7]. However, because an SL is
basically a buried device, a low-loss vertical via transition is
required for interconnection between a BPF and other circuits
on the surface. Fig. 1 shows a fully embedded SL structured
dual-mode BPF involving three transitions at each port; a novel
CPW-to-SL vertical via transition and two CPW-to-CPW planar
transitions. Fig. 2 shows a cross-sectional view of a proposed
BPF at the part A-A’ of Fig. 1. The filter and transition are ver-
tically integrated in the multilayer LTCC.

A. Novel CPW-to-SL Vertical Via Transition Design

In the 3-D integrated radio modules, discontinuities at a
CPW-to-SL transition for interconnection of embedded passive
devices with surface circuits generate significant amounts of
radiation as well as reflection, because the maximum dimen-
sion of the vertical vias block is more than one tenth of the
wavelength (Aop).

In this paper, a new STV structure and embedded air cavities
[8]-[10] are proposed as shown in Fig. 3 for reduction of struc-
tural discontinuities and confinement of electromagnetic (EM)
fields around the transition region, respectively. In addition, the
air cavities lead to reduce the parasitic additional shunt capac-
itance due to the STV structure. The STV structure consists of
three-stacked vias through the fifth and seventh layers. These
three vias are connected through lines, and their width (W _rg)
and length (L _g) are 100 and 107 pm, respectively. The STV
is 135 pm in diameter. For confinement of EM field, the air cavi-
ties are inserted through the second to fifth layers below the sev-
enth layer via and the second to third layers below the fifth layer
via, respectively. Their optimum diameter is 170 pm. CPWs are
placed on the top layer and the SL is placed on the fourth layer.
In order to maintain the characteristic impedance of 50 §2 for
both CPWs and the SL, the width (W1) and gap (G1) of the

Fig. 3. Novel CPW-to-SL vertical via transition.

CPWs are 244 and 100 pm, respectively, and the SL is 135 um
in width (W _g1,).

Using the 3-D finite integration technique (FIT) simulator
[11], the proposed novel transition is designed in seven LTCC
dielectric layers. Their dielectric constant and loss tangent
(tan 6) are 7.0 and 0.009, respectively, at 60 GHz and the
thickness between the metal layers is 100 ym. The internal
and external conductors are Ag and Ag/Pd, respectively. We
design two three-segment transmission lines (CPW-SL-CPW)
using the proposed CPW-to-SL vertical transition (a length of
CPW = 350 pm and that of SL = 2000 pxm) shown in Fig. 3
and the conventional one (a length of CPW = 335 pm and that
of SL = 2595 um) with directly stacked vias. Reduction in
radiation due to structural discontinuities is investigated.

Fig. 4 shows the electric field distribution of each via tran-
sition region in two three-connected transmission lines. The
amount of radiation can be roughly quantified by noting the
extent of light blue, green, yellow, and red away from the
vertical vias. In Fig. 4(b), it is seen that electric fields are better
confined than the conventional one. These electric field con-
finements can lead to improve the transmission characteristics
of the transition.

Fig. 5 presents the simulated transmission coefficients of two
three-part transmission lines using the proposed transition and
the conventional one. In the case of the three-segment trans-
mission line using the novel transition, as expected from elec-



806 IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 29, NO. 4, NOVEMBER 2006

N

Air cavity

(b)

V/m
.87e+005
.84e+0805
. ’Be+804
.13e+004
.51e+004 -
.BB8e+004 -
. 25e+004 -
.B3e+004 -

Ge+004
. 372+004
. 7te+004
-1Z2e+004 -
. 49e+004 -
.B6e=+004
.Z242+004
.61e+004
.83e+003
6. 7e+003

O~ N @ W W -

W o= NN W == - L1

V/im
1.087e+005
1.04e+005
9. 76=+001
9. 13e+004
8.51e+004
7-88c+004
7.25e+001
6.63e+004

Be+004
5.37e+004
4.71e+004
4.12e+004
3.49e+001
Z2.86e+004
Z2.21e+004
1.61e+004
9.83e+003

6. 7e+003

Fig. 4. Cross-sectional view of the electric field distribution of two CPW-to-SL vertical via transitions at 60 GHz. (a) Conventional transition. (b) Novel transition.

tric field results of Fig. 4, its input impedance is much better
matched to 50 2 than that with the conventional one from 50
to 65 GHz and 1-dBimprovement of the insertion loss (S21) is
observed at 60 GHz. These improved characteristics result from
much smaller parasitics due to the STV structure and embedded
air cavities than the conventional one.

Noting that electric fields are confined and transmission char-
acteristics are improved in the novel STV transition embedding
air cavities. This can be explained by analyzing the maximum
dimension and discontinuity of the vertical via. The transmis-
sion characteristics of the vertical transition are degraded, be-

cause the maximum dimension of the vertical vias block is much
larger than A,,. In the conventional vertical transition [12], [13]
using three vias stacked directly, the total height is 300 #m, and
its rate to Ao, is 11%. Here, A5, on the LTCC CPW is 2.56 mm
at 60 GHz. Using the proposed STV structure, the conventional
stacked vias are subdivided into vias of very small height (rela-
tive to the A.p,); therefore, the rate to Ao, can be decreased from
11% to 3.9%. However, additional shunt capacitance due to the
STV structure can lead to a leakage path and signal propagation
delay. Therefore, the parasitic capacitance needs to be reduced.
An equivalent relative permittivity [14] between transition vias
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Fig.5. Simulated transmission coefficients of three-segment transmission lines
using the novel vertical transition and the conventional one. (a) Return losses
(S11). (b) Insertion losses (S21).

with air cavities and the ground plane is drastically decreased
from 7.0 to 1.4 due to embedded air cavities; its reduction rate
is ~80%, Consequently, the parasitic shunt capacitance is re-
duced markedly.

For quantitative analysis of potential improved performance,
radiation losses [15] (1 — |S11|> — [S21]?) of two three-seg-
ment lines are calculated from the simulated transmission co-
efficients. In the novel case, its radiation shows less than 10 %
at the all simulated frequencies as shown in Fig. 6. The novel
one achieves an improvement of 62% in radiation. This value
matches well to the estimated value.

B. CPW-to-CPW Planar Transition

The CPW-to-CPW planar transitions are also designed for
reduction of ground plane discontinuity which results from the
difference in height between the BPF and active device ground
planes as shown in Fig. 2. The SL structured BPF using six
layers has a ground height of 600 pm. In contrast, that of a
MMIC mounted in a cavity is 100 pym. This steep difference
of ground plane height can cause radiation problems. Therefore,
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Fig. 6. Calculated radiation losses of three-segment transmission lines using
the novel vertical transition and the conventional one.
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Fig. 7. Two CPW-to-CPW planar transitions (W2 = 244 pm, W3 =
100 pm, G2 = 140 pm, G3 = 90 pm, TR1 = 40 ym, TR2 = 144 pm,
LCPW1 =500 gm, LCPW2 = 430 um, and LCPW3 = 500 gm).

the signal line is on the same seventh layer, but ground planes are
transited gradually from the first layer to the third and fifth layers
using internal ground planes, as shown in Fig. 2. According to
different ground plane heights, there are three sections of CPWs
and two transitions (TR1 and TR2) among them, as shown in
Fig. 7. Their width and the gap for 50-€2 impedance-CPW lines
are designed.

In order to verify the proposed vertical and planar transi-
tion, we designed and fabricated a seven-segment transmission
line (CPW3-CPW2-CPW1-SL-CPW1-CPW2-CPW3) using
the standard LTCC process. The air cavities were of the same
shape as the signal vias, but they were not filled with metal.
Fig. 8 shows the fabricated seven-segment transmission line in-
volving two planar transitions and one vertical transition at each
end of the transmission line. The length of a SL is 2000 pm, and
the total length of CPW-to-CPW transition is 1430 pm.

Fig. 9 shows measured results of the fabricated transition. An
insertion loss shows flat value of —1.6 dB from 50 to 60 GHz.
The input and output return losses are below —15 dB from 52 to
62 GHz. In particular, those at the operation frequency band are
below —20 dB. Considering the total losses of all transmission
lines (six CPWs and a SL) of —0.37 dB, which is calculated by
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Fig. 9. Measured results of the fabricated transition.

a conventional line calculator, the transition loss is 0.62 dB per
an STV vertical and a planar transition at 60 GHz.

C. Embedded Stripline BPF

A dual-mode four-pole BPF is designed in between the L2
and L7 layer using dual-mode patch resonators [12] as shown in
Fig. 2. The dual mode can be generated from a single resonator
by adding a perturbation (cut) at a point that is 45° from the axes
of coupling to the resonator [12] as shown in Fig. 10. It enables
two orthogonal modes, which are generated in the resonator, to
be coupled. Because the side length of each square patch is about
half a wavelength, there are no narrow lines, the width of which
is close to process limitations. Therefore, such a resonator has
reduced process sensitivity.

The target of the embedded SL BPF is to realize a 3-dB band-
width (BW) of 3.3 % at the center frequency of 60.4 GHz. This
filter has to achieve LO rejection over 20 dBc at 58 GHz (the LO
frequency). The side length of a resonator is about half a wave-
length (623 pm) [16]. The widths of the feed lines are 135 pm.
Changing the depth of the cut, coupling coefficients can be con-
trolled, and an optimum cut length is calculated as 150 pm.

For good skirt characteristics, two resonators are on the third
and fifth layers, and two of their blocks are 684 ym away from
each other for four-pole operation, as shown in Fig. 10. Feed
lines, external coupling between the resonators on the third and
fifth layers, and internal coupling between their two blocks are
on the fourth layer. The external coupling distances on the fourth
layer are 140 pm, and the internal coupling is realized by an
overlap of 40 um between two resonators on the third and fifth
layer.

Resonator

Resonator

Fig. 10. Layout of a BPF using the dual-mode patch resonator (L-_g: the
length of a patch resonator, and Cut: the cutting length).

Transition
block

Transition
block

Fig. 11. Fabricated 60-GHz LTCC stripline BPF (3.2 X 6.5 x 0.7 mm?).

III. FABRICATION AND MEASURED PERFORMANCE

The designed BPF was implemented in seven LTCC dielec-
tric layers using a standard LTCC process. Fig. 11 shows the
fabricated BPF and its total size of the fabricated BPF including
whole transitions was 3.2 mm X 6.5 mm x 0.7 mm, where the
areas occupied by the filter and the transition are 1.8 x 3.5 mm?
and 2.4 x 0.9 mm?, respectively.

In Fig. 12, the comparison of the simulated and measured re-
sults is presented. The measurement shows a higher center fre-
quency ( f.) and narrower bandwidth (BW) than the simulation
results. This is owing to misalignment among the multilayer di-
electrics. Our LTCC process offers ¢ £ 20 pm align tolerance.
The misalignment among the layers, on which the feed lines
and the resonators were screen-printed, results in varying the
coupling coefficients. Therefore, the measured frequency char-
acteristics are slightly different from the simulated results. The
measured f. and BW are 60.4 GHz and 3.5%, respectively. The
return losses are below —15 dB at the pass band. The LO re-
jection is 20.5 dBc at 58 GHz. The insertion loss including the
transitions is 5.27 dB. Considering the insertion loss of the tran-
sitions, the filter insertion loss is 4.0 dB.

IV. CONCLUSION

A novel SL structured BPF integrating air cavities has been
proposed and implemented for 60-GHz LTCC SiP applications.
For low-loss interconnection with active devices a novel tran-
sition including a CPW-to-SL vertical via and CPW-to-CPW
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Fig. 12. Simulated and measured performances of the 60 GHz LTCC SL BPF
(S-: simulated, and M-: measured).

planar transition is devised using the stagger via (STV) struc-
ture and embedded air cavities. Using the 3-D EM analysis, pro-
posed transition structures demonstrate to reduce radiation due
to discontinuities. The fabricated seven-segment transmission
line (CPW3-CPW2-CPW1-SL-CPW1-CPW2-CPW3) com-
posed of the two CPW-to-SL transitions and four CPW-to-CPW
planar transitions achieves an insertion loss of 1.6 dB and return
losses below —20 dB at the passband of the filter. The transition
loss (one vertical and two planar transitions) except transmis-
sion lines is 0.62 dB at 60 GHz. Adopting the novel vertical
transition, the four-pole SL BPF is designed and fabricated. The
LTCC BPF achieves 3.5 % bandwidth at the center frequency of
60.4 GHz. Its return losses are below —15 dB at the passband,
and its insertion loss is 4.0 dB.
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