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Abstract—Advanced packaging concepts for highly integrated
encapsulated millimeter-wave modules are demonstrated. Mil-
limeter -wave monolithic integrated circuits (MM Cs) areflip-chip
mounted on top of a low-temperature co-fired ceramic (LTCC)
package. This type of “smart package” can integrate various
passive functions as well as compact interconnections between
MMIC and vertical feedthroughs. The bottom side of this package
is connected via a standard ball grid array (BGA) to a low-cost
laminate printed circuit board serving as a motherboard for
multiple LTCC modules. Fabricated passive LTCC test structures
fully validate the approach for millimeter-wave applications.
LTCC-/BGA-based packages feature good performance up to ap-
proximately 30 GHz. Alternatively to BGA technology, anisotropic
conductive pastes are applied as well. They have proven to be
suitable at least up to 40 GHz.

Index Terms—Ceramics, millimeter-wave integrated circuits,
multichip modules, packaging.

I. INTRODUCTION

N ORDER TO make millimeter-wave electronics for com-

mercial applications such as microwave radio or automotive
radar a successful high-volume product, low-cost manufac-
turing and high integration are essential. Low-temperature
co-fired ceramic (LTCC) technology, today widely used for
frontend modules for price-sensitive applications like mobile
phones [1], [2], is very well suited to meet these requirements.
It offers a great potential for passive integration, even up to
millimeter-wave frequencies, where, so far, amost exclusively
thin-film alumina substrates have been used. Recent work on
LTCC modules has demonstrated solutions for 5-GHz wireless
local-area network (LAN) [3]-5] and Kwu-band V-SAT [6]
applications. These first-generation transceiver modules leave
further potential for much higher integration. With continu-
ously improving LTCC production technologies[7], it becomes
feasible to realize fully integrated millimeter-wave modules
of compact size as small as a fingernail. Advanced packaging
techniques, aready used in mass production of chip-size
surface acoustic wave (SAW) filters [8], [9], can be applied
to these LTCC modules, such that a compact encapsulation
with excellent hermetic sealing is obtained at very low cost.
Furthermore, millimeter-wave transceivers can be split into
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Fig. 1. LTCC module.

functional blocks being realized as a surface-mountable device
(SMD)-type package for a single 26.5-GHz millimeter-wave
monolithic integrated circuit (MMIC) has already been pre-
sented in [10]. Due to the chosen single-layer laminate, passive
drop-on componentsinside the package walls were till needed.
The LTCC module approach presented in [11] offers much
higher passive integration and more compact packaging op-
portunities for future miniaturized millimeter-wave transceiver
modules. The approach discussed in [11] is further pursued
here. In addition, vertical feedthroughs and buried transitions
are investigated both analytically and experimentaly. The
range of LTCC test packages and modules is extended.

Il. MODULE ARCHITECTURE

Fig. 1 illustrates the proposed module concept. The top and
bottom LTCC layers host the first- and second-level intercon-
nects, respectively. All necessary transitions betweenthe MMIC
or feedthroughs from the top to bottom layer are vertically inte-
grated inside the LTCC.

Hence, interference with the proposed hermetic encapsula
tion having a metal shielding in close proximity to the LTCC
top surface is avoided. The inner space of the LTCC is alo-
cated for passive functionslikefilters, couplers, or RF-blocking
capacitors. The bottom side of this package is connected to a
low-cost laminate printed circuit board (PCB) serving as moth-
erboard for multiple LTCC modules. The interconnects (second
level) consist of solder ballswith standard ball grid array (BGA)
pitch dimensions of 500 or 800 ;m. They exhibit good per-
formance from dc up to millimeter waves, as was shown in
[12] and [13]. In conjunction with LTCC, this paves the way
for high-volume production technology, as will be shown in
this paper. The more sophisticated micro-BGAs (1BGAS), sug-
gested in [3] for stacked LTCC modules, are thus not required
in the present context.
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Fig. 2. Vertica three-wire feedthrough.

Thefollowing LTCC layer topology is considered for the de-
signs described below. The substrate consists of 12 dielectric
layershaving adielectric constant £,. = 7.8 (K8). Thetwo outer
layers are 38-.:m thick, the remaining ten inner ones are 55 z:m.
10-m-thick conductors are printed in between the layers with
minimum linewidth and spacing of 100 xm. Vertical transitions
arerealized using vias of 100-m diameter being interlinked on
adjacent layers with catchpads of 200-,:m diameter.

I11. THREE-DIMENSIONAL (3-D) INTEGRATED
PASSIVE FUNCTIONS

Key components of such an LTCC module are vertical
feedthroughs and buried transitions. The former connect the
top surface of the LTCC carrying the active devices with the
bottom side. There, input and output pads for RF, as well as
dc and control signals are located. RF feedthroughs especially
represent a design challenge because they must establish a
proper millimeter-wave connection. Indeed, they lead the RF
signal through al the dielectric layers of the LTCC module.
The buried transitions interconnect the MMIC mounted on
top of the LTCC module. Here, impairment of their electrical
performance by shielded encapsulants on the surface must be
avoided. Compact low-loss solutions for these feedthroughs
and buried transitions are discussed below.

A. Vertical Feedthroughs

The simplest possible feedthrough between a coplanar
waveguide (CPW) on the top and bottom LTCC layer can
be redlized by a vertical three-wire structure. Fig. 2 shows a
corresponding back-to-back configuration with CPW feed lines
on the top layer. The simulated and measured performance
are shown for avia pitch of 500 xm. This value was found to
be optimum from a full-wave analysis. The overall area of a
single vertical feedthrough designed for the substrate described
aboveis 1.2 x 0.2 mm?. The simulation of such a back-to-back
configuration on a module of 4 x 4 x 0.626 mm? shows
low input reflection (S1; < —20 dB) and high transmission
(821 > —1 dB) up to millimeter waves. Measurements were
performed on such amodule not yet separated from a complete
test panel consisting of several test structures. These results
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Fig. 4. RF-blocking capacitor test structure and its simplified equivalent
circuit.

confirm the functionality of such a feedthrough up to approx-
imately 30 GHz. A large discrepancy between measurement
and simulation is observed above 33 GHz. Resonances occur
hinting at unwanted modes propagating in the test panel.

Performance enhancement can be achieved by additional
shielding of the vertical feedthrough. Fig. 3 depicts the setup
and performance of a quasi-coaxia vertical feedthrough.
Again, the setup is arranged in a back-to-back configuration. It
is fed by a 235-um-wide microstrip with its ground plane on
the fourth metallization layer from the surface. The resulting
thickness of 203 ;m leads to a 50-2 line. The feedthrough
consists of a center vialed through holes in the ground planes.
It is encircled by eight shielding vias between the ground
planes. In a full-wave analysis, the optimum radius was de-
termined to 500 M. There is a very good agreement between
measurement and simulation. The measured input reflection
S11 remains below —20 dB (—10 dB) up to 35 GHz (40 GHz).
The transmission S2; is better than —0.5 dB (—1 dB) up to
37 GHz (40 GHz) per transition.

The performance of these compact vertical feedthroughs is
further validated experimentally in Section IV-A.

B. Embedded RF-Block Capacitors

In order to achieve an integrated dc supply with a shunt
RF-blocking capacitor, an interdigital arrangement of parallel
plates, as sketched in Fig. 1, is evaluated. Such LTCC-inte-
grated capacitors can replace chip capacitors, which usualy
are extra components that have to be placed on top of the
substrate. Fig. 4 shows the structure connected via a vertical
three-wire structure and feed lines allowing two-port on-wafer
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Fig. 5. Measured scattering parameters of RF-blocking capacitors with
different plate sizes.

25
__ 20+
[V
Z
(V]
o
c
£ 15
Q
(Y]
Q.
(]
(8
S
o 104
o)
5 T T T
500 1000 1500 2000 2500
plate width [um]
Fig. 6. Extracted blocking capacitance values.

characterization on the same layer. Its simplified equivalent
circuit is also shown for a better understanding.

Fig. 5 shows the measured scattering parameters for RF
blocks with different plate sizes. As expected, increasing the
plate area shifts the blocking performance to lower frequencies.
For the larger plate sizes, the input reflection Sy; is approxi-
mately —1 dB at 2 GHz, while the transmission drops below
—10dB. At higher frequencies, parasitic resonances occur.

Here, the maximum achievable capacitance is limited to a
few picofarads by the number of layers and the low dielectric
constant (K8) of the used LTCC substrate. Higher capacitance
values can be achieved by further increasing the plate size. The
extracted low-frequency blocking capacitances for different
platesizesare shownin Fig. 6. The platelength isset to 0.8 mm,
while the width is varied. These values still offer an acceptable
overall size of the RF-blocking capacitor when compared to
standard MMIC dimensions. When thinner layers and higher
dielectric constant materials (K20, K80) for these RF-blocking
capacitors are used, much larger capacitance values can be
achieved.
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Fig. 7. Buried MMIC interconnection.

TABLE |
DIFFERENT BURIED LINE CONFIGURATIONS

50 type || A B ¢ D
w [pm] 150 | 150 | 160 | 150
wy [pm] 300 | 300 [ 300 | 300
g [pm] 120 | 150 | 170 | 120
hi [pm] 93 | 93 | 38 | 203
hy [um] 165 | 110 { 110 | 165

C. Buried MMIC Interconnections

Buried transitions between MMICs are not necessarily
top-to-bottom interconnections. In order to leave as many
layers as possible available for further passive integration of
other structures such aburied chip-to-chip interconnect (BCCT)
should ideally occupy only little spacein the vertical and lateral
directions. Triplates and striplines were found to be rather
unqualified because of their overal size. Following standard
design rules for a 50-(2 triplate and stripline with a reasonable
conductor linewidth of 100 pm, the distance between the
shielding grounds is 500 and 800 .:m, respectively. Therefore,
only buried coplanar lines are considered for interconnections,
as they are very compact. Their fields are concentrated at the
slots. Good isolation between the interconnection and other
adjacent passive integrated components is automatically given,
thus, the occupied space is minimized. The buried CPW with
an additional ground plane, depicted in Fig. 7, is verticaly
interconnected by vias to two 50-2 CPW feed lines on top.

Four different configurations labeled A—-D to realize buried
50-2 lines are investigated. The parameters defining the struc-
ture (seeFig. 7) aresummarized in Tablel. For thesetransitions,
the overall depth still offers reasonable space for passive inte-
gration underneath the shielding ground plane.

In order to check for length resonances due to mismatch at
thevias, the buried linelength isvaried from 0.7 to 4 mm. Fig. 8
shows the simulated scattering parameters for all line types.

The buried line length is 0.7 mm in the depicted case. The
input reflection S1; remains below —10 dB for all investigated
line types, while the transmission Sy is better than —1 dB at
frequencies up to 40 GHz. Thesefindingsalso hold for the simu-
lationswith all the other line lengths not shown here. Test struc-
tures for evaluation of the designed BCCT are fabricated using
the EPCOS LTCC process. Corresponding reference lines and
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Fig. 9. Two subregions of afabricated LTCC panel.

thru-reflect-line (TRL) calibration standards are added to the
LTCC panel aswell. Fig. 9illustratestwo subregions of thereal-
ized panel. The left-hand-side one shows BCCT test structures.
The top layer isfully visible, while the buried lines only partly
shinethrough. The other structurein theright-hand sideof Fig. 9
is suitable for flip-chip tests described later in this section.

Fig. 10 showstheresultsfor al linetypes A—D with the same
buried line length of 0.7 mm. The measured scattering parame-
ters compare quite well with the simulated results (Fig. 8). The
input reflection S1; remains below —10 dB, while the trans-
mission .S»; ison the order of —1 dB up to 40 GHz. The func-
tionality of these transitions is also validated for the other line
lengths. The results are not depicted here.

In order to meet the above-mentioned requirements, good
transmission and low-input reflection are not sufficient. In ad-
dition, the influence of a metal shielding near the surface needs
to be low. The scattering parameters are thus measured with
a copper plate positioned above the buried lines (line length
4 mm) for all types A-D. Inthefollowing, resultsfor two cases
arediscussed in more detail. Linetypes C' and D are compared,
corresponding to minimum and maximum buried depth, respec-
tively. The variation of the scattering parameter .S»>; when added
acover plateis depicted in Fig. 11.

InFig. 11(a) (JA}S211]), the absolute value of the deviation of
the magnitude (in decibels) is plotted versus frequency, while
Fig. 11(b) depicts Ao |, the absol ute val ue of the phase differ-
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Fig. 10. Measured scattering parameters for different buried line types.
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Fig. 11. Measured influence of ametal cover plate on S»; of the buried lines.
(a) Magnitude and (b) phase difference.

ence. Obviousdly, the cover plate influences the impedance and
electrical length of the buried line, the effect being more pro-
nounced the closer the buried CPW is to the surface. However,
even for the smallest buried depth realizable in the chosen layer
configuration (type C, hy = 38 um), the deviation is still tol-
erable, especially when taking into account that line lengths are
much shorter than 4 mm in typical applications. As expected,
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Fig.12. Measured performance of flip-chip test deviceswith: (a) aburied feed
line and (b) afeed line on top.

the deviations for the other lines (types A and B) remain be-
tween the two extremes depicted in Fig. 11. The corresponding
scattering parameters are, therefore, not shown. Furthermore, it
was found that the influence on the input reflection Sy; isneg-
ligible for al types.

Next, the flip-chip test structures are characterized. They
consist of two buried lines, which can be interconnected
via a flip-chip test device. To this end, the CPW lines on
the top layer are tapered to standard fine pitch dimensions
(pad-to-pad distance of 150 pm). 50-2 CPW lines fabricated
on a 127-;m ceramic substrate serve as flip-chip test devices
in the experiments. These test chips are stud-bumped and
thermo-compression bonded to the LTCC so as to bridge the
gap between thetwo buried lines. Threeidentical configurations
are assembled to check for reproducibility. For comparison rea-
sons, flip-chip arrangements without buried feed lines are a'so
assembled. Scattering-parameter measurements are performed
by means of vector network analysis (VNA) utilizing a Cascade
Microtech probe station with CPW probes. Fig. 12(a) shows
the measured results for the three flip-chip configurations with
a buried feed. Fig. 12(b) demonstrates the performance of the
same kind of test chip when it is connected with 500-m-long
feed lines placed on top.

Although the flip-chip arrangement is not optimized for low-
input reflection, the comparison of these results shows that ap-
plying the buried chip-to-chip transitions does not degrade the
overal performance. In both cases, the input reflection S1; re-
mains below —10 dB. The dlightly increased transmission loss
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Fig. 13. (a) Realized LNA modules. (b) Full receiver module.

in Fig. 12(a) can be related to the additional length of a buried
line of 4 mm on each side of the flip-chipped CPW line. These
results al so show that fine-pitch flip-chip assembliesarefeasible
with this standard LTCC process.

IV. REALIZED TEST MODULES AND PACKAGES

In order to experimentally evaluate the performance of these
packaging and interconnection concepts, several test packages
are fabricated using EPCOS commercial LTCC process.
An LNA, as well as a receiver module and severa other
test packages with various integrated passive functions and
interconnects, are assembled and tested. The LTCC packages
are mounted on the laminate via standard BGA technology.
Alternatively, also anisotropic conductive pastes (ACPs) are
investigated to build the second-level interconnect.

A. LTCC Amplifier Module

Hittite's HMC263 MMIC LNA is used as the active chip
device. LTCC modules are designed for both flip-chip and
wire-bond assembly of the MMIC on top of the LTCC substrate.
Fig. 13(a) shows the realized modules. In each layout, the
center region below the MMIC is occupied by two RF blocking
capacitors (Section 111-B). Furthermore, CPW lines on the top
layer in the outer |eft- and right-hand-side parts of the modules
are visible. They are connected to the bottom layer by vertical
three-wire structures (Section I11-A). This type of feedthrough
is preferred for its higher flexibility with regard to wire-bond
or flip-chip assembly.
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Fig. 14. Measured performance of an LNA in different configurations.

Each module offers several pads for probing purposes on the
top and bottom layers. For comparison, the same MMIC was
measured in a bare die configuration and via vertical intercon-
nects. By simply removing or adding wire bonds on the top
layer, these different circuit configurations can easily be real-
ized. Fig. 14 shows the measured performance of the 26.5-GHz
LNA mounted in wire-bond technology for the following cir-
cuit configurations. First, the bare MMIC mounted on top of
the module is measured. This MMIC is then wire bonded to
vertical interconnects for RF signal transmission and dc supply
without ashunt RF block capacitor. Finally, the dc supply bonds
are rerouted to vertical dc supplies with an integrated shunt
capacitor. Connecting the MMIC viathe various vertical inter-
connects does not degrade the chip performance. For all circuit
configurations, the measured performance meets the chip spec-
ification (i.e., between 24-27 GHz: min. (typ.) gain 20 (25) dB;
min. (typ.) input returnloss 4 (7) dB). In comparison to the bare
MMIC, the transmission S»; isonly dslightly attenuated (worst
case: 2 dB) in the operating band. This total insertion loss is
given by the two vertical three-wire feedthroughs plus the wire
bonds.

B. LTCC Receiver Module

Fig. 13(b) shows the LNA MMIC in combination with Hit-
tite's HMC264 mixer MMIC. Both are mounted on a single
LTCC substrate building a fully integrated multichip receiver
module. The LTCC contains vertical RF and dc feedthroughs,
aswell as buried MMIC interconnections, asintroduced in Sec-
tion 111-C. Again, additional pads are provided for probing pur-
poses. These were used to test the mixer MMIC in combination
with the buried MM C interconnections. Fig. 15 showsthe mea-
sured | F signal of the mixer MMIC. All RF signals (RF input at
26.5 GHz and subharmonically pumped local oscillator (LO)
input at approximately 12.75 GHz) are led to the MMIC viathe
buried MMIC interconnections. The measured conversion loss
(CL) is approximately 12 dB. Compared to the chip specifica-
tions (CL = 10 dB), this means an additional loss of 2 dB that
is attributed to the losses introduced by the buried feed lines.
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These examples clearly demonstrate the full functionality of
the built LTCC modules. Next, the interface to the motherboard
PCB will be investigated.

C. LTCC BGA Package

Test packages for verification of the second-level intercon-
nects based on standard BGASs are realized. LTCC packages
consisting of a CPW line on top vertically fed by a three-wire
feedthrough at each end are fabricated using two different
designs. In the first design, the via pitch of the three-wire
structure is set to 500 pm. For this value, the transmission
characteristic of the vertical interconnect was found to be
optimum (refer to Section I11-A). This value also correlates
with the desired minimum pitch for a standard BGA suitable
for mass production. In the second design, the optimum via
pitch of 500 ;m is tapered to a BGA pitch of 800 xm within
the lower LTCC layers. Thisis another standard value in mass
production. To this end, the distance between the two outer
vias and the center via is increased in the last three layers.
Interconnection of the stacked vias is provided by adequate
cover pads on the metallization layersin between. These LTCC
packages are mounted on a low-cost laminate suitable for
millimeter-wave applications. Here, Rogers’ Ro4003 is chosen.
The substrate with a dielectric constant £, = 3.38 is 200-um
thick. Both sides have 35-m-thick copper cladding. In order
to keep the overall size of transmission lines on Ro4003 small,
microstrip lines (width = 465 pm) are preferred rather than
CPW. Suitable transitions from the microstrip line to CPW are
then required for the second-level interconnects and for CPW
probe launchers. Different CPW-to-microstrip transitions on
R04003 are designed. The ground connection is achieved by
quarter-wave (radial) stubs, by 200-.m filled vias, or by a
combination of both. The quarter-wave stubs are designed for
26.5 GHz, leading to a stub length of approximately 1800 pm.
Fig. 16(a) depicts such landing structures on Ro4003 before
the LTCC package is mounted. A resist mask is printed on
the Ro4003 in order to limit the solder flow. It consists of
circles with an outer and inner radius of 400 and 150 um,
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Fig. 17. Measured scattering parameters of 500- and 800-pm-pitch BGA
packages.

respectively. Due to the local character of the solder resist
mask, its influence on the RF performance should be low, as
predicted by simulations.

Solder is applied to the vertical three-wire structure at the
bottom side of the LTCC leading to a ball with approximately
300-m diameter attached to each vertical interconnect after
heating. These LTCC packages are placed on the Ro4003 sub-
strate such that each ball is surrounded by a solder resist circle.
This arrangement is finally assembled in a reflow process.
Different LTCC test packages are mounted on various landing
structures with a BGA pitch of 500 and 800 ;:m, respectively.
The 500-zm BGA pitch packages are shown in Fig. 16(b).
Measurement results for both BGA pitches are depicted in
Fig. 17.

In al cases, a TRL calibration is performed to eliminate the
influence of the probe launchers. Due to the chosen calibration
standards, this can successfully be performed up to 38 GHz.
The resonance at 17 GHz is due to the simultaneous use
of quarter-wave stubs and vias for the CPW-to-microstrip
transitions. For the 500-um BGA pitch with two different
CPW-to-microstrip transitions, the input reflection .S1; remains
below —10 dB. The overall transmission S,; is better than
—2dB (—3dB) up to 27 GHz (30 GHz). This leads to a low
transmission loss of approximately 1 dB per BGA transition.
The measurements of the 800-.:m BGA pitch setups also show
good results up to 30 GHz. This experimental study illustrates
the feasibility of this packaging approach, which exclusively
relies on standard BGA and LTCC technologies.
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Fig. 18. Measured scattering parameters of the ACP package.

D. LTCC ACP Package

For applications beyond 30 GHz, solder balls with smaller
nonstandard dimensions or different materials are required. The
tradeoff between short interconnection length for good RF per-
formance and sufficient height to account for thermal coefficient
of expansion (TCE) mismatch at the PCB interface has to be
carefully considered though.

Here, conductive adhesives serving as second-level intercon-
nectsare discussed. They are applied between the LTCC module
and PCB instead of the solder balls. ACPs particularly seem
to offer a promising alternative to BGA technology when it
comes to higher frequencies. They consist of gold polymer-
filled epoxy. The conductive particles in the epoxy are coated
with athin dielectric layer. When pressureis applied to the ACP,
the gold particles get in contact where they are squeezed. At the
exposed areas, their thin coating isdestroyed. Thisdirect contact
provides electrical conductivity in the vertical direction (direc-
tion of pressure), while in the lateral direction, isolation is still
guaranteed by the remaining coating. The achievable pitch for
this application depends on the diameter of the coated gold balls
in the epoxy. Here, Loctite’ s 3440 single-component heat-cure
gold polymer-filled epoxy is applied to mount the LTCC pack-
agesdescribed in Section 1V-C on the Ro4003 substrate. There-
quired pitch of 500 xm for these packages can beeasily achieved
with this ACP (the gold ball diameters are less than 30 pm).
Thus, the minimum achievable pitch of these second-level in-
terconnects is basically determined by the LTCC design rules.
Hence, with these aternative technologies, higher integration
densities at the module-PCB interface can be achieved at low
cost. ACP is dispensed in a single step to the landing struc-
tures on the Ro4003 substrate. | solation of adjacent padsisfully
provided by the anisotropic characteristic of the adhesive. After
mounting the LTCC package on the laminate, the arrangement
is cured for 60 s at 180 °C and 13.8 bar pressure. Fig. 18 de-
picts scattering-parameter measurements performed on such an
ACP test package. Theinput reflection S;; remains well below
—10 dB up to 40 GHz, while the overall transmission loss does
not exceed 2 dB up to 37 GHz. This means very low insertion
loss of lessthan 1 dB per transition up to 40 GHz. In summary,
the functionality of the LTCC module approach pursued here
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can be extended well beyond 30 GHz by applying alternative
low-cost technologies for the second-level interconnect.

V. CONCLUSION

LTCC-based millimeter-wave package solutions with em-
bedded passive functions have been presented. Various vertical
top-to-bottom feedthroughs and buried MMIC transitions
have been realized. The chosen packaging approach enables
advanced encapsulations technologies up to millimeter waves.
These LTCC modules can be mounted on a low-cost laminate
PCB using a standard BGA interface, which demonstrates
good performance up to 30 GHz. Beyond 30 GHz, anisotropic
conductive adhesives offer an alternative also adaptable to
mass production. The functionality of the proposed packaging
concepts is fully validated by scattering-parameter measure-
ments performed up to 40 GHz on passive and MMIC-mounted
LTCC test modules and packages. All modules presented here
are fabricated in EPCOS’ 8-in high-volume LTCC process.
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