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High-Q) LTCC-Based Passive Library for Wireless
System-on-Package (SOP) Module Development
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Abstract—In this paper, we present the development and full
characterization and modeling of a multilayer ceramic-based X
system-on-package component library. Compact highg three-di- T
mensional inductor and capacitor topologies have been chosen and h1

incorporated. A measured inductor @ factor as high as 100 and AL hz
self-resonant frequency as high as 8 GHz have been demonstrated.
The new vertically interdigitated capacitor topology occupies Ground plane

nearly an order of magnitude less of real estate while demon-
strating comparable performance to the conventional topology.
The low-temperature co-fired ceramic (LTCC) library has been
incorporated into a 1.9-GHz CMOS power-amplifier design ex- @ (b)

hibiting a measured 17-dB gain, 26-dBm output power, and 48% Fjg 1. Multilevel ground-plane inductor concept showing the cross section of
power added efficiency. This power-amplifier module with fully  two inductor structures having the same lateral dimension, but with different
integrated LTCC passives demonstrates a superior performance ground-plane locations in a multilayer board environment.

to those with full and partial on-chip passive integration.

Index Terms—CMOS, high-Q inductors, LTCC, passive library, 3 dielectric constant of 7.8 and a loss tangent of 0.0015 at
power amplifier. 10 MHz. Typical metallizations can be either;Ba elec-
troplated gold (surface and backside only), angné-silver
I. INTRODUCTION or silver—palladium alloy for surface, backside, or middle

layers. Conventional design rules require a minimum of 4-mil
HE system.—on-package (SOP) concept [1] where Cpmqoﬁewidths and gaps, but recently allow as small as 1 mil
nents are integrated as part of the package housing uh

. . . S ﬁ|2|ng the photo-imageable process. The multilevel ground
electronic system has been an attractive option to build wirelegs . ; s :

s ane and the vertically interdigitated capacitor (VIC) topolo-
communications modules. Such a concept emerged out of the

potential for a higher integration, which yields a more compa%es chosen for the inductors and capacitors yield an inductor

Ground plane

module size critical for portable applications. In addition, SO of as high as 100 with self-resonant frequency (SRF) as

L h as 8 GHz, while the VIC implementation demonstrates
components not only reduce the cost by eliminating the nee ) .
: ; . n area saving of nearly an order of magnitude compared to
for discrete components and reducing the assembly time, Qut

LS . i6 conventional metal—insulator—metal (MIM) configuration.
also have been demonstrated to exhibit superior performance, 1o . . :
: - 1.9-GHz CMOS power amplifier with fully integrated
on-chip components [2], [3]. RF front-end building blocks suc . - ;
i . : . ) CC passives requiring no discrete components has been
as the power amplifier often times require off-chip matching ang_ _. ; N
o . esigned, fabricated, and measured for the first time at 1.9 GHz
biasing components [4], [5] since they can not be accommMiniting 17-dB gain, 48% efficiency, and 26-dBm output
dated on-chip due to the and current-handling capability limi- 9 gain, Y, P

. : . : ower. This module demonstrates 7 dBm more output power,
tation. Multilayer low-temperature co-fired ceramic (LTCC) [6 . 0 i .
is one of the popular SOP technologies. In addition to the E dB more gain, and 28% more power-added efficiency (PAE)

ca- . o X ;
pability of embedding components and interconnects, I _t%an the full-integrated-circuit (IC) implementation at the same

; frequency of 1.9 GHz.
inductors have also been demonstrated [3]. q y
In this paper, we report the first development of inductor
and capacitor libraries incorporating compact architectures
in a commercial 20-layer LTCC technology utilizing stan- The inductor library is built based on the multilevel ground
dard 3.6-mil-thick Dupont 951AT tapes [7]. The tapes havglane concept illustrated in Fig. 1. In a multilevel ground-plane
architecture, all the footprints of the components are on the sur-
Manuscript received January 15, 2001; revised June 11, 2001. This work v@ge_layer’ while the ground plane of each component may_ be
supported under the National Science Foundation CAREER Award and un6ét different levels. Such a topology has two advantages. First,
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D. Heo is with the National Semiconductor Corporation, Norcross, GA 3009"1nd maintaining the S_Ize of Fhe inductor f(_)otprlnt, multiple in-
USA. ductance can be realized without occupying larger lateral real
Y.-J. E. Chenand J. Laskar are with the Packaging Research Center, Schoglgfgte by increasing the number of turns. The effective induc-
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Fig. 2. One- and two-port electrical models for LTCC inductors. 1
0.2
increase in effective inductandeg. Moving the ground plane
closer to the inductor footprint increas€s, thereby canceling 04l
part of the inductance. On the other hand, moving the groun: 2 \
plane further from the structure reducgésincreased.r. Inthe % "
example shown in Fig. 1, the inductor structérm Fig. 1(a) has P os
a closer gap to the ground plane than that in Fig. Z(b)<{ /).
ThereforeC,; is larger tharC',», implying L.g; is smaller than I
Legr2. Close proximity of the ground plane to the inductor foot- 08 [ —Measurement
print reduces the effective inductance due to the negative mutu. LT E’A'f%lmSMOdle{_ .
coupling caused by the current flowing in the ground plane in :° 'mua:'o
the opposite direction to the inductor current flow [8]. The re- -1 0 1' é 3 4 5
duction inL.gz consequently reducé&g and the SRF. However,
we show experimentally that even though such phenomena o Frequency, GHz

curs, a sufficiently high and SRF can still be achieved. The
second advantage of keeping the inductor footprint on the Suly. 3. Measured, electromagnetic, and circuit simulated magnitude plots of
face layer is to minimize the dielectric loss by maintaining paﬂ-parameters for a 10-mil linewidth half-turn inductor withof six layers
1.6 mil).

of the field of the inductor propagating in the air.

The inductor library consists of three different circular induc-
tors, i.e., half, three-quarter, and full turns, with two differentvhere there is no underpass and the inter-winding gap is suf-
line widths, i.e., 10 and 20 mil, with ground planes ranging frorficiently large, C can be neglected as well. In other configu-
2 to 18 layers apart(in Fig. 1). The upper half of the full-turn rations,C¢ is also neglected to simplify the modeling process
inductor was fabricated on the surface layer, while the other hasumingCc is “absorbed” by the shunt capacitof§ and
was fabricated two layers below (7.2 mil apart). Some inducték,. Figs. 3—6 show the measured and modélguhrameters of
test structures as part of the component library have been falmductors fabricated using this concept. These structures were
cated and measured to obtain th@ir L.y, and SRF. simulated using a commercial method-of-moments simulator

Standard high-frequency one- and two-port electrical mod@l0]. In Figs. 3 and 4, the plots for a half-turn inductor with
for inductors [9] were applied for LTCC inductors, as shown ia0-mil linewidth andh equals six (21.6 mil) are shown. This
Fig. 2. Shunt resistors to ground at the input and output poitgluctor has the values df, R, C;, andCs of 1.2 nH, 0.352,
typically incorporated in on-chip inductors to model the diele®.2 pF, and 0.2 pF, respectively. The inductor whSsgaram-
tric loss such as those on Si and GaAs are neglected in thters are plotted in Figs. 5 and 6 is the same, exaeptten
case for two reasons. First, the loss tangent is sufficiently Idayers (36 mil). This configuration has, R, C;, andC of
and, secondly, the gap a minimum of 7.2 mil, is sufficiently 1.4 nH, 0.352, 0.15 pF, and 0.15 pF, respectively. The extracted
large. The widely used inductor model often incorporates timeodel parameters demonstrate the usefulness of the multilevel
coupling capacitor’c in Fig. 2 to model the underpass caground-plane topology where using the same half-turn structure,
pacitance at the output, as well as the inter-winding couplingnd two different inductors with different inductance and shunt
However, in this case, for example, for the half-turn inductosapacitances can be obtained.



SUTONOet al: HIGH-@ LTCC-BASED PASSIVE LIBRARY FOR WIRELESS SOP MODULE DEVELOPMENT 1717

200 ——r—— — . 200 ———
a 150
o ] @ 150
54 ] o
g 100 j g 100
/-i_ T
& 50 —~
@ N 50
2 e :
4 s o
T @ 0
< 80 g
n = -50
~  -100 -
% ——Measurement @ 100 L S,,
& -150 ||~ — -Circuit Model A ——Measurement
~~~~~~~~~ MoM Simulation 1 s — — -Circuit Model
. ] o -150 -] . .
200 ettt T T e MoM Simulation
0 1 2 3 4 5 : :
Frequency, GHz 200 0 1 2 3 4 5
Fig. 4. Measured, electromagnetic, and circuit simulated phase plots of Frequency, GHz
S-parameters for a 10-mil linewidth half-turn inductor withof six layers
21.6 mil).
( ) Fig. 6. Measured, electromagnetic, and circuit simulated phase plots of
S-parameters for a 10-mil linewidth half-turn inductor withof ten layers
0 o . . . (36 mil).
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0.4 \ Fig. 7. Measured) factor of one-port inductor test structures designed in a
] L multilevel ground-plane topology.
I
2 o8
factor. The inductory was obtained by taking the ratio of the
imaginary to the real part of the input impedance obtained from
0.8 [ " Measurement de-embedded-parameters. The effective inductarcg is ex-
et Model tracted experimentally by the ratio of the imaginary part of the
)1 i J impedance to the radial frequenegy The @, SRF, andLs of
0 1 2 3 4 5 some inductor test structures are plotted in Figs. 7 and 8, in-

dicating a high¢) performance in the frequency of interest at
which the power amplifier was designed. As seen in Fig. 7, in-
Fig. 5. Measured, electromagnetic, and circuit simulated magnitude plots@ictor@ as high as 100 at 2.9 GHz for a 1.4-nH inductor with
S-parameters for a 10-mil linewidth half-turn inductor withof ten layers  the corresponding SRF of 8 GHz has been achieved. Table |
(36 mil) summarizes the performance of the inductors plotted in Figs. 7
and 8. The multilevel ground-plane concept can be clearly seen
One-port inductor test structures were fabricated as one-poytlooking at different effective inductandeg. achieved using
microstrip devices in order to obtain their impedance éhd the same inductor structures with the ground planes located at

Frequency, GHz
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TABLE |
SUMMARY OF MEASURED() AND SRFOF INDUCTOR TEST STRUCTURESIMPLEMENTING THE MULTILAYER GROUND-PLANE CONCEPT

Lot Number of turns Type w H Q(1.9GHz) | Qmax | SRF (GHz)
(nH) (mils) | (layers)
1.2 Three Quarter Planar 20 2 100 100 7.2
1.4 Half Planar 10 2 88 100 8
2.5 Three Quarter Planar 10 2 70 70 4.5
3.8 Three Quarter Planar 10 6 78 78 47
4 Full 3-D 10 2 65 70 42
5.4 Fuli 3-D 10 6 57 60 4
10 . T — 0V
N e-54n I : :
¢ i i 04,0 nH - -e--Half tun (w=10 mils)
6 oo 3.8 AH [ |--o-- Half tum (w=20 mils)
8 { ; 825 nH L | --e-- Three quarter tum (w=10 mils)
b ; i ~-m--1.4 nH 8 L..]--¢--Three quarter turn (w=20 mils)
P A @12 nH - -m- - Full turn (w=10 mils)
o ¢ " [ |--0--Full turn (w=20 mils)
6 .
:I:: PRI * -~ A 6 -»
= -v‘,o A"( £ H - 2
- T
4 Lguump i = .
- -
s . | 4 B TR o f
Aoty et 8 O ‘ ) R S
2 P S o o Q- : ‘0 """"""" DA e
» mee '] ;e oAt 2 L o :
o oo s & i
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0 L -
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Frequency, GHz »
0 i
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Fig. 8. Measured effective inductancd..f;) of one-port inductor test
structures designed in a multilevel ground-plane topology. h (layers)

) ) _Fig. 9. Extracted inductancd j as a function of the gap to the ground plane
different layers in Table |. For example, three-quarter-turn inr), number of turns, and linewidth.

ductors with a distance to the ground plaleof two layers
(7.2 mil) and six layers (21.6 mil) yield.g. of 2.5 and 3.8 nH rectly incorporated into the design process to establish a com-
with the corresponding) at 1.9 GHz of 70 and 78 and SRF ofplete model for the LTCC inductors. Since the contribution of
4.5 GHz and 4.7 GHz, respectively. The inductor witbf six  the eddy current flowing through the ground plane is negligible
layers, in this case, exhibits about 200 MHz higher SRF duetm the total loss compared to the conductor loss due to the in-
less shunt capacitance to ground compared that avititwo  ductor linewidth and length, th& is assumed to be indepen-
layers. TheR of this inductor is also higher considering therelent of 4. The plots in Figs. 9—11 can be interpolated to de-
is not as much a&.g cancellation due to the negative mutuasign inductors realized with less than six layers. For example,
inductive coupling caused by the current flowing on the grourad2-nH inductor can be obtained using a three-quarter-turn in-
in the opposite direction to the current flow in the inductor [8)ductor with 20-mil linewidth and: of four layers by interpola-
[11]. Also indicated in Table I, two full-turn inductors withof  tion from Fig. 9. TheR for this inductor is 0.32 according to
two and six layers exhibif.g of 4 and 5.4 nH with thé) of 65 Table II. Givenh, the number of turns and linewidth, the inter-
and 57 at 1.9 GHz and SRF of 4.2 and 4 GHz, respectively. Thelated input and output capacitanégésandC, from Figs. 10
SRF of these two inductors seem to be counterintuitive sinaad 11 are 0.46 and 0.48 pF, respectively.
the one withk of six layers should have a higher SRF. However, It can be observed from Figs. 10 and 11 thatandC> are
note that the SRF not only depends on the parasitic capacithaarly independent di for A bigger than ten layers. It is also
mechanism, but also thie.g of the structure [11]. observed that for smallér, the behavior of”; andC- are pro-

A complete set of extracted model parameters based on pgwetional tol//, which follows the behavior of a parallel-plate
S-parameter measurements is shown in Figs. 9—11. These pt@pacitor. Therefore, singg; andC, are nearly independent of
along with the series resistanéglisted in Table Il can be di- A for h greater than ten layers, the inductafogoes not change
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08 —————————————— ) TABLE I
I | --e--Half turn (w=10 mils) ] SUMMARY OF EXTRACTED SERIES RESISTANCE FOR THEHALF-, THREE
0.7 L.| --o--Half tum (w=20 mils) ) 1 (QUARTER-, AND FULL-TURN LTCC INDUCTOR WITH 10- AND 20-mil
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F | - -¢--Three quarter tum (w=20 mils)
[ [--®--Full tum (w=10 mils) ]
0.6 | --o-- Fuil tum (w=20 mils) ] # of turns line width (mils) | R(Q)
1 Half 10 0.35
05 ] Half 20 0.18
s [ 5:.::::;:33:::;5—~ D~ 1 Three quarter | 10 0.60
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Fig. 10. Extracted input shunt capacitan€g ) as a function of the gap to the
ground planeif), number of turns, and linewidth.

08— @) (b)

::;:::g:; :ﬂm Ex:;g m::g Fig. 12. Three-dimensional views of a MIM and VIC configurations. (a)
0.7 [-1--¢  Three quarter tum (w=10 mig) |- ] Parallel-plate capacitor. (b) VIC.

[ |--0--Three quarter turn (w=20 mils) ]

L -m- - Full turn (w=10 mils) J
0.6 [ |2 Fultum =20 mil9) ] lIl. CAPACITOR LIBRARY

I o Conventional MIM capacitors [12] in microstrip configura-

w 05 e . . . . .

o i R B ] tion are incorporated for the capacitor library. A capacitance of
s [ EERRRREEN-SEREEEIN 08 R 0.48 fF/mif can be achieved using standard 3.6-mil-thick tapes.
0.4 ¢ s ] A 4.9-pF MIM, for example, can be realized by a 100 mil

3 [ SSUER NS R o 1 100 mil square electrodes neglecting the fringing fields. The
0.3 | . e —— ground planes for two-port MIMs are chosen to be as far as
i SRS . ] possible from the MIM electrodes to minimize parasitics. The
02 - : one-port MIMs are formed by one electrode on the surface layer
_ T S S o ] and the layer below it which also serves as the ground plane. The
O e v v 1 L ‘ ] size of MIM capacitors are acceptable for small capacitors such
0 5 10 15 20 asthose used in the transformation network for design frequency
h (layers) ranging from around 900 MHz and above. For large capacitors

such as the RF ground capacitors, however, the electrode size
becomes impractical. Therefore, there is a need for a new con-
figuration to maintain the compactness of the capacitor struc-
tures. The lateral electrode interdigitation method [13] has been
very much either, as confirmed by the plot in Fig. 9. Neverthepplied to implement a capacitor as well. While exhibiting less
less, the change if as small as 0.1 nH using the same later@arasitics, this topology tends to require a bigger area consid-
inductor structure is still often times useful to be incorporated #ring the electric flux is generated laterally instead of vertically,
the design as well. The extracted series-resistance informatieh as in the MIM case, which allows more electrode coverage
can be obtained from Table Il. For the inductors with the samagd, thus, occupies less area.

number of turns and linewidths, the series-resistalide as-  An alternative capacitor implementation to the MIM topology
sumed to be the same independerit.ofherefore, in the case of was proposed using the VIC. Fig. 12(b) illustrates the concept of
our 2-nH inductor made of a 20-mil three-quarter-turn inductathe VIC as compared to the conventional MIM structure shown
the series resistance is B The model parameters suppliedn Fig. 12(a). The MIM structure consisting of a dielectric layer
from this library and summarized in the plots in Figs. 9-11, asandwiched between two square plates of widih Fig. 12(a)

well as in Table Il can be conveniently implemented as a daiaplements a capacitor with the capacitance given(by=

base in a standard computer-aided design (CAD) tools similargx,. s /d neglecting the higher order excitation mode. This ca-
the implementation of passive database for semiconductor ppacitor can also be implemented by a parallel combination of
cesses. pairs of plates of smaller size. The VIC deploys these smaller

Fig. 11. Extracted output shunt capacitan€g)as a function of the gap to
the ground planef(), number of turns, and linewidth.
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plates with widths’ vertically, as depicted in Fig. 12(b). The 8O [P it Mt T 8
plate size can be made smaller as more plates are deployed on N i
more dielectric layers. The electric flux not only flows vertically 60 AN o

between the pair of the capacitor electrodes, but also laterally
between the via interconnects to the electrode. Such a mecha-

nism allows further shrinkage of the VIC plates. The VIC is a 40
suitable architecture to realize an extremely compact capacitor.

The one- and two-port lumped-element models for the LTCC ca-

4d %9

pacitors is drawn in Fig. 13 consisting of a series capacitor 20 12
series with a series resistfis to model the conductor loss and

aresistotR p in parallel withC' to model the dielectric loss. The 0 A 0
capacitorg’;, C>, and the inductak in the schematics shown in o 1 2 3 4 5 6 7
Fig. 13 represent the shunt parasitic capacitance and inductance, Frequency, GHz

respectively. The MIM capacitors in the library were designed
using the well-known formula for parallel-plate capacitors. Assig. 14. Measured, electromagnetic, and circuit simulageand effective
suming the shape of the MIM electrode is square with side widtapacitance () for a 1.4-pF capacitors designed in MIM (top) and VIC
s to implement a capacitaf' given byC' = ege,s2/d whereq ~ configurations (bottom).
is the tape thickness utilizing the standard 3.6-mil tapes, the ac-
tual drawn side width is about 0.9 s to account for the fringing.4 for both capacitor topologies are 1.4 pF. The VIC capac-
effects. itor exhibits a slightly lesgp and SRF than the MIM imple-
For testing purposes, we fabricated a 1.4- and 6.2-pF capanentations. The vias connecting the VIC plates present an ad-
tors in both VIC and MIM configurations by incorporating thaditional parasitic inductance, which lowers the SRF. In addition
effects of the fringing fields. The plate size for the 1.4- antb the inductive effects, more conductor loss caused by the vias
6.2-pF MIM capacitors are 45 mik 45 mil and 101 milx contributes to the total loss mechanism of the VIC structures,
101 mil, respectively. Both VICs were fabricated using plateshich consequently affects tligfactor as well. This is demon-
including the ground plane on five tape layers similar to thosgrated by the extracted model parameters using the schematic
illustrated in Fig. 13(b). The size of each plate for the 1.4- and Fig. 13 for the 1.4-pF MIM withC', C1, L, Rs, Rp of 1.4 pF,
6.2-pF VICs is 18 milx 18 mil and 47 milx 47 mil, respec- 0.1 pF, 0.35 nH, 0.72, and 18 K2, respectively. The extracted
tively. The VIC implementation saves over 75% of the real esaodel parameters for the 1.4-pF VIC capacitor is 1.4 pF, 0.1 pF,
tate compared to the MIM implementation. A one-port capa®-5 nH, 0.752, and 19 K2, respectively, foC, C;, L, Rs, and
itor can be realized by simply connecting the bottom electrodey, respectively. It is demonstrated here that the VIC exhibits
of the MIM structure to ground or using the ground itself as th@.05£2 more series resistance and 0.15 nH more parasitic induc-
bottom electrode. For the VIC, the electrodes connected to daace due to the vias interconnecting the VIC electrodes. The
of the ports in Fig. 13(b) were simply shorted to ground to reneasured effective capacitanCgy and@ as a function of fre-
alize a one-port device. guency superimposed with the MoM [10] and circuit simulation
Fig. 14 shows the measured effective capacitafigeand} for the 6.2-pF capacitors implemented in the MIM and VIC con-
as afunction of frequency superimposed with the MoM [10] arfijurations are plotted in Fig. 15. The extracted model param-
circuit simulation for the 1.4-pF capacitors implemented in theters for the 6.2-pF MIM are 6.2 pF, 0.1 pF, and 0.4 nH and
MIM and VIC configurations. The measured nominal values @.22 and 18 K} for C, C1, L, Rs, andRp, respectively, while
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TABLE 1l
MEASURED PERFORMANCE COMPARISON OFTWO CAPACITORS1.4AND 6.2 pF; EACH IMPLEMENTED IN MIM AND VIC CONFIGURATIONS
No. Type Plate size Lateral Capacitor Number of plates Nominal C.¢ SRF (GHz)
(mil x mil) Area (mil’) (pF)
1 MIM 45 2025 2 14 6.8
2 VIC 18 324 5 14 55
3 MIM 101 10,201 2 6.2 3.1
4 VIC 47 2,209 5 6.2 24
100 . T 50 vD2
\ M it !
¥ 1
—i—~ -MoM Simuiation : N
80 Circuit Mod I’ 40
60 130
O =
o &
o (@)
=]
40 20
20 10
(o] EPRPUENS EFSPUVUPIE SN SN EPUNI S Ao
0 0.5 1 15 2 25 3 35 4
Frequency, GHz i g } I 1 P ; 4 ! i § i
g i
010 S ——— ey 50 1 : . i
A : I ] . « ’3
B 1 i ¥ 3 3
L | 'Inches
80 40
» i ] (b)
b : ] Fig. 16. (a) Schematic diagram of the 1.9-GHz CMOS-LTCC power amplifier.
60 30 o (b) LTCC power-amplifier module with NMOS devices wire bonded on the
e} \ M 1 ) board.
A i 2
I 9 i ] 3
40 Y 20 Si-NMOS active devices has been built utilizing components
A\ & . . . . .
)/ —M t ] from the library. Fig. 16(a) and (b) shows the circuit schematic
20 | / 3 7:MoM Simugation 1 ¢ and photograph of the LTCC circuit occupying a 0.%i®.5 in
S N\ o CimuitModel ] board area. The two NMOS devices fabricated in a standard
) 0.8-um CMOS technology were wire bonded onto gold pads
0 0 on the LTCC board.

0 05 1 15 2 25 3 35 4 ; .
A custom RF/microwave nonlinear MOSFET model for

Frequency, GHz large-signal applications was used for this design and demon-
strates compatibility with standard commercial wireless CAD
Fig. 15. Measured, electromagnetic, and circuit simulafednd effective tools [14]. The half-turn and three-quarter-turn inductors were
capacitance.r) for a 6.2-pF capacitors designed in MIM (top) and VIC ) . . .
configurations (bottom). used as matching components, while the full-turn inductors
were used as RF chokes. Parallel-plate MIM capacitors were

. . . utilized as matching components since their values and sizes are
for the corresponding VIC implementation, the parameters a ei . . .
relatively small. The RF ground capacitors were implemented

6.2 pF, 0.1 pF, and 0.6 nH and 0.25and 19 K2, respectively. . . : . ;
In this case, the VIC exhibits 0.0% more series resistance and" VIC topologies since they require large ce_lpacnance and
' o ' ' area. Second harmonic tuning elements were implemented by
0.2 nH more parasitic inductance as confirmed by the measureserieg_c resonators at 3.8 GHz. The area saving of the VIC
results in Fig. 15. Table Ill outlines the measured performancgn be clearlv observed i'n Fi i6(b) The elect?odes where
comparisons of the two capacitors fabricated in MIM and VI ; y 9. :
e dc-bias cables are soldered are the top electrodes of the

configurations. RF ground VICs. The size advantage of the VIC is obvious by
comparing the size of those electrodes to other MIM capacitor
IV. 1.9-GHz CMOS-LTCC BWERAMPLIFIER electrodes used in the matching network and harmonic tuning

As a demonstration vehicle, a two-stage class-F power asome of which occupy an even larger area than the RF ground
plifier for a digital enhanced cordless telephone (DECT) usingiCs.
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Fig.17. Measured and simulated output power, gain, and efficiency at 1.9 G+
of the CMOS power-amplifier module with fully integrated LTCC passives.

TABLE IV
SUMMARY OF MEASURED AND SIMULATED PERFORMANCE OF
THE 1.9-GHz CMOS BPWER-AMPLIFIER MODULE WITH FULLY
INTEGRATED LTCC PASSIVES
Specification Simulation Data Measured Data
Freqency Range 1.88 GHz to 1.9 GHz 1.88 GHz to 1.9 GHz %
Supply Voltage 33V 33V (Da“
Maximum Pout 27 dBm 26 dBm =
w
Input VSWR <1.5:1 <1.5:1
i Measured
Gain Variation In Band <0.5dB <0.8dB 20 i
Power Added Efficiency 51% 48% [ 1A Sl Simulated
Power Gain 18 dB 17dB L
25 e e . -
1 1.5 2 25 3

While this circuit represents the first application of the com- Frequency, GHz

ponent library where all passives are integrated based on the li-
brary, it may not be the most area-efficient option for a compalcf- 18- Measured and simulated small-sigisaparameter of the CMOS
. . . . N ... power amplifier module with fully integrated LTCC passives.

module. Alternative solutions include integrating “noncritical
passives such as the RF choke inductors and RF ground capac-
itors on-chip and integrate the rest of the passives on the LT@@d requires a separate characterization to quantify its effect on
and/or integrating the interstage matching network on-chip. the circuit performance. Nonetheless, the simulated results are

The measured and simulated gain, output power, and PAE&te to predict reasonably well the actual circuit performance.
1.9 GHz are plotted in Fig. 17. The power amplifier exhibits a To investigate the advantage of integrating passives
measured 17 dB of gain, 26 dBm of output power, and 48&#-package such as on the LTCC, another 1.9-GHz power
PAE at 3.3-V supply voltage. These results represent an iamplifier was built with the same topology as that with fully
proved performance compared to earlier data presented iniffegrated LTCC passives. The two-stage CMOS power am-
with 3-V power supply. Fig. 18 plots the measured and sinplifier integrated the interstage matching components on-chip,
ulated small-signal performance of the power amplifier, indiwhile the input and output matching elements, as well as the
cating a measured 17 dB of gain and better than 15-dB input a@RB choke and ground inductors and capacitors, were integrated
output return losses in the 1.88-1.9-GHz range. A detailed suam the LTCC using the library components. Half-, quarter-,
mary of the circuit performance is outlined in Table IV. A slightand full-turn inductors, as well as square and rectangular
discrepancy observed in Figs. 17 and 18, as well as in Table péarallel-plate capacitors from the LTCC library, were utilized
between the simulated and measured data is attributed to itihéhis circuit. The VICs could have also been incorporated in
discontinuous ground plane of the circuit inherent to the LTCthis design. However, since a smaller area was anticipated, a
circuit topologies incorporating the multilevel ground-plane liparallel —plate capacitor configuration was chosen to obtain
brary. An additional loss mechanism caused by the vias cam-better performance. Fig. 19 shows the circuit schematic
necting the ground planes of the circuit located on differeand the photograph of the LTCC board housing the module
layers contributes to a difference in the measured performancecupying a 511 mik 472 mil area, nearly one-half the size of
This mechanism was not accounted for during the simulatitime module with fully integrated LTCC passives. The simulated
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VD1 vD2 TABLE V
MEASURED PERFORMANCE SUMMARY OF THREE DIFFERENT 1.9-GHz
CMOS RPOWER AMPLIFIERS WITH THREE DIFFERENT TYPES OFPASSIVE
COMPONENT INTEGRATION

Passive Integration | Pout (dBm) | Gain (dB) | PAE (%) | Area (mil x mil)
Fully-on-package 26 17 48 900 x 500
On-chip interstage | 23 15 32 511x 472

N Fully on-chip 19 10 20 105 x 84

The fully monolithic, i.e., the fully on-chip version of
this power amplifier using the same CMOS technology and
the same schematic as that shown in Fig. 19, has also been
designed, fabricated, and measured [15]. This power-amplifier
IC occupying a silicon area of 105 mit 84 mil exhibits a
measured output power, PAE, and gain of 19 dBm, 20%, and
10 dB, respectively. When compared to the fully on-package
passive integrated circuit, the power-amplifier IC shows 7 dBm
less output power, 28% less PAE, and 7 dB less gain while
occupying nearly an order of magnitude less area. Compared
to the partial on-chip approach, the fully monolithic circuit
demonstrates 4 dBm less output power, 12% less efficiency, and
———— 511 mils ——»] 5 dB less gain. These results clearly demonstrate the advantages

of implementing on-package components where supepior

(b) . .

performance can be achieved. Table V outlines the measured
Fig. 19. (a) Circuit schematic and (b) photograph of the 1.9-GHz cMOgerformance comparison of the 1.9-GHz power amplifier
power amplifier with on-chip interstage matching and LTCC integrate ) . ; ) :
input/output matching. employing three different passive integration approaches,
fully LTCC integrated, on-chip interstage integrated, and fully
on-chip integrated techniques.

J——aua72 .mils —>|

25 50
L Pout ]
20| ] 40 V. CONCLUSION
% o ) In this paper, we have reported for the first time the devel-
g 1s[os I #imzmiiiza.c ] @ opmentof an LTCC-based component library for wireless RF
= >~ ] m SOP applications. The library incorporates compact inductor
5 ] R and capacitor topologies demonstratinglaperformance as
= 10y ; 120~ high as 100 and the corresponding SRF of 8 GHz for a 1.4-nH
é [ PAI,E,,"/ ] inductor overcoming the-limitation typically encountered
5 e 10 for on-chip passives. The library components have been incor-
[ porated into a fully functional 1.9-GHz CMOS DECT power
E-aee amplifier with fully integrated LTCC passives exhibiting 17 dB
%0 " o T T e T of gain, 26-dBm output power, and 48% PAE. This module
Pin (dBm) exhibits 7 dBm more output power, 7 dB additional gain, and

28% more PAE than the fully monolithic PA at 1.9 GHz.
Fig. 20. Measured output power, PAE, and gain at 1.9 GHz of the CMOS
power amplifier with on-chip interstage matching and LTCC-integrated
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