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and performance. The component assembly
ABSTRACT cost is a major constituent of their prices.
This Sarnoff-developedechnology combines Embedding passive components  during
conventional _Low-Emperature _Gfired substrate maufacture provides nsall size,
Ceramic tehnology and aclad Metal base to lower cost, better ptormance, and higher
provide constrained sintering, ruggednesseliability. The 3D integration of all the dc
improved themal path, and complex cavitiespower lines, analog circuits, high-speediidib
with metal ground [1]. Constrained sintering logic circuits, and RF/microwave cqonents
leads to almost zero shrinkage in the x-y plane a multi-layer envionment has become the
during the firing operation allowing the trend and a common target for many of these
accurate placement of embedded componemmxed-signal products.
such as resistors, capacitors, transmission lines,
etc.

Surface mounted

This paper describes the development of CAD acve devices
models for the design and analysis of embedded
LTCC-M components. Models were verified
by fabricating and testing LOC-M test
coupons for resistors, cagtors, and nggggor
transmission lines. Results were compared with
both EM simulation and circuit modeling.
These CAD models operate within thedustry
standard HP Communications Design Suite
utilizing its existing library modeld2]; an Buried
efficient and cost effectivepproach. Models,
test results, range of validity of these models, o

. . . . Metalization
and design guidelines will be presented. on

INTRODUCTION

Wireless RF  products require major
pe_rform_ance |mp_r(n/ment and Slze'redUCtlon'Figure 1 Schematic of a multi-layer LTCC-M circuit
Mixed-signal designs tend to use up a larg§owing variuos capabilities

number of passive components. Currently, the

vast majority of these products use surface

mount discete parts. The discrete cpoments LTCC-M technologyallows the maufacture of
use a sizable percentage of the printed circd@aw-cost 3D circuits using thick-film and
board area greatly limiting their miniaturizatiorcofired ceramicprocesses. It is enhanced by
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the abilty to add embedded passivehieldng, via interconact parasitics, and
components (see Fig. 1), offering largeale effects of the ngihboring embeddedlements.
integration to realize compact size, and loweCurrently, no cmamercial CAD models that
cost products. The following Tablesnsmarize address these issues araitablefor embedded
the features of LTCC-Mechnology. structures. EM simulatioprograms, requiring
long executiontime, are used to analyze such

Ideal for high speed digital and mixed signal
structures.

Applications, and sizefcost reduction

Feature

Benefit

Low €, increases
propagation velocity by
20% vs. Alumina

Shorter propagation delay
time

Multi-layer structure

Digital control and analog
functions can be
supported

Solid ground plane

High isolation/shielding

Ideal for RFI Microwave and High Power

Features

Benefits

Precision geometry and
feature location

Low-Cost replacement
for thin film

Low loss, low dielectric
constant

Low-Cost microwave
feedthru and striplines

Low loss tangent (tab <
0.0014) @ 14 GHz

Integrated power
combiners

Low-loss silver
conductors (<51f2)

High-Q impedance
matching circuits

Thermal conductivity
170W/nfK; 208 W/nfK
spreading, TCE 5.7
ppm/C (25 to 400C)

Performance better than
AIN, allows integrated
heat sinks, expansion
matches Si/GaAs

x-y shrinkage <0.1%

Embedded resistors,
capacitors, and vias

The designer must address a new set
issues associated with

qguestions and
implementation of
technology.
LTCC-M

this powtul full-3D

Issues include the exft of the
surrounding-gelectric
performance of the embedded component
guality of these coponents, efct of increased
capacitive oupling to ground, the required

on

the

This paper presents our caessful effort to
develop fast and accurate circuit models for
LTCC-M embedded components. Circuit
models with an adequate degree of accuracy are
required for expeitious design cycle$or cost-
effective and timely nraufacture. This is our
first step towards generating a complete design
kit that will enable the circuit designer to
exploit LTCC-M technology to its fllest
extent.

CAPACITORS

Embedded capacitors covering the 1pF to few
nF range were developed with tight tolerances
utilizing different inks. A +10% tolerance for
the low-dielectric-constant inke (= 20), and a

+ 25% for the high iglectric constant inkeg =
430) have been thined. Q’s of 50 in the 1-2
GHz frequency range were demonstrated.

The semi-distributed circuit parameter model of
these embedded capacitors is shown in Fig. 2.
It uses components with phgal attributes such

as width and length; and then all relevant
capaciobr's dmensions are calculated based on
design rules specific to LOC-M.

Models were verified theoretically and
experimentally with excellent agreement. Fig.
3 shows an example of the validation of our

circuit model using EM simulatiof3]. Good
t}%reement between the circuit model and
easured results is demonstrated in Fig. 3. For

the high-value electric inks, as an example,

where circuit model’s parameters are based on
average measured values of the fabricated
éapacitance per unit area, circuit models can be
closely fitted to the measured results by
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optimizing the ink dielectric constant andUsing the HP Communication Design Suite

VAR PCSUB2
_VAR PCSUB2
£0=0.23 ER=ErSub
LDie=LTop +20 HimH_Upper
WDie=WTop +20 H2=H_Lower
LBol=LDie +18 TAND=1.00e-03
WBol=WDie +12 S1GMA=0
Cop._2=(E0*ErCopLTop*WTop)/(TCop*1000) T=0.60
H_Upper=TTape RHO=4
H_Lower=TTope*2 HU=100
HL=0
W=300
PORT
P1 PCLIN1
port=1 :fk'"‘ s PORT
WaW8o P2
W=wTop $1=300 port=2
$1=300 CLAYER1=2
CLAYER1=2 i
LeLTop PCSUB=PCSUA2
PCSUB=PCSUB2
| 1
] 11 —
PCSTEP cap PCSTEP
STER2 ¢ STEP!
Wi=8 C=Cop.2 Wi=wBot
w2=WTop w2=8
CLAYER=2 CLAYER=2
PCSUB=PCSUB2 PCSUB=PCSUB2
RHO = 4, PADS
RHO = 10, VIAS
Figure 2 Embedded Capacitor Model
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Figure 3 Capacitor Model Validated By EM Simulation and
Measurements. Measured results from 3 different boards
are represented by: 1. Ch&/circuit model is represented

by .. The Sonrst model is represented by

<.

RESISTORS

Resistors were fabricated and tested at dc aff
RF. Resistors within 1/2 to 3 squares and 30-
mils optimum width can be controlled to within

+15%.

libraries, an RF circuit model for the buried
resistors was developed. The model, shown in
Fig. 4, is a distributed parameter model and is
based on physal dimensions. The nput
parameters are: resistor length, width, and dc
ink resistivity €/sq.). The number of squares,
ink resistivity, and printing dimensions are
based on design rules specific toCT-M.

This model was validated with EM simulation
[3] and compared tomeasured results for
various resistor sizes. Excellent agreement was
found between the circuit model (Fig. 5) and
measured results. A slight deviation of the
measured results in comparison with the model
results could be seen especidtly the extreme
resistor sizes, and can be attributed to screen
printing non-unifomity.
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Figure 4 Resistor Model

INDUCTORS

The HP library model for square spiral
inductors has been validated experimentally
[2]. This model takes intaccount the mutual-
inductive-oupling to all other parallel
segments, including those of an image spiral, to
count for the eéfct of theground plane. The
ect of the underpass is also taken into
consideration [2].
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Figure 5 Validation of resistor's model. Measured results ;
are represented by TJ .The circuit model is represented frequency 0.045 Lo 2.0 GHz

by O .

Figure 6 Validation of the inductor's model. Measured
esults from 2 different boards are represented by O and

Spiral inductors have been fabricated using The circuit model is represented by v

mil and 4-mil lines and spaces on1&-mil
substrate, where a maximumductance of 90
nH was achieved with 26@l square spiral. LTCC-M  technology allows  accurate
The measured S-parameters of varioygacement of passive embedded poments
inductors are shown in Fig. 6. Very gooduch as resistors, capacitors, and resistors. This
agreement between measured and modeledables further miaturization, and
results was obtained up to frequencies vedevelopment of compact, reliable, low cost, 3D
close to the self-resonant frequency of thesgrcuit integration technology.

inductors. A peak Q value of 40 at 1.32 GHz

for a 4.8 nH 8mil spiral inductor was obtained, Aok NOWLEDGMENTS

which is quite acceptable. ®aff is currently
developing other LTCC-M  processing
techniques to further increase these Q values.
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and inductors. The CAD models were verifiegoceedings of Int. Conf. on MisChip Modules ‘95, p
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