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Abstract—The noise figure of a low noise amplifier (LNA) is a
function of the quality factor of its inductors. The lack of high-Q
inductors in silicon has prevented the development of completely
integrated complementery metal oxide semiconductor (CMOS)
LNAs for high sensitivity applications like global system for mobile
communications (GSM) (1.9 GHz) and wideband code-division
multiple-access (W-CDMA) (2.1 GHz). Recent developments in
the design of high-Q inductors (embedded in low cost integrated
circuit (IC) packages) have made single-package integration
of RF front-ends feasible. These embedded passives provide a
viable alternative to using discrete elements or low-Q on-chip
passives, for achieving completely integrated solutions. Compared
to on-chip inductors with low @ values and discrete passives
with fixed Qs, the use of these embedded passives also leads to
the development of the passive () as a new variable in circuit
design. However, higher @ values also result in new tradeoffs,
particularly with respect to device size. This paper presents a
novel optimization strategy for the design of completely integrated
CMOS LNAs using embedded passives. The tradeoff of higher
inductor size for higher @Q has been adopted into the LNA design
methodology. The paper also presents design issues involved
in the use of multiple embedded components in the packaging
substrate, particularly with reference to mutual coupling between
the passives and reference ground layout.

Index Terms—Embedded inductors, inductive coupling, inte-
grated passives, low noise amplifier (LNA), organic packaging,
reference ground layout, return current, system-on-package
(SOP).

1. INTRODUCTION

HE DEMAND for low-cost wireless solutions has fueled

the need for highly integrated systems with communica-
tion and computing capabilities. Traditionally, the main means
for system integration has been the system-on-chip (SOC) ap-
proach, which requires the implementation of all the functional
blocks of a system on a single chip, to reduce cost and im-
prove performance. With improvement in fr to 50 GHz and
beyond, the SOC approach using silicon complementary metal
oxide semiconductor (CMOS) technology provides the design
community with a cost-effective means for implementing the
digital and analog sub-blocks of the receiver into a single chip,
especially for standards like wireless local-area netork (WLAN)
where sensitivity requirements aren’t very stringent [1]. How-
ever, the implementation of the RF front end [consisting of the
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band-pass-filter (BPF) and the low noise amplifier (LNA)] in
silicon has proved to be an extremely difficult task. This is pri-
marily because of the lack of on-chip high-@) passives.

A survey of work done in this field reveals that typical Q)
for on-chip inductors in ordinary silicon CMOS processes tend
to be less than 15 [2]. The thin aluminum metal layers and the
lossy nature of silicon lead to higher parasitics for on-chip in-
ductors, which makes the design of filters and LNAs for high
sensitivity applications like long-distance communication pro-
tocols next to impossible. Table I ([3]-[8]) shows examples of
CMOS LNAs published over the last few years; none of them
are completely integrated solutions and they all require external
discrete passives for completing the circuit.

Developments in packaging technology have led to a second
option for integration, the system-on-package (SOP) approach.
Unlike SOC where the package exists just for the thermal and
mechanical protection of the integrated circuits (ICs), SOP pro-
vides for an increase in the functionality of the IC package
by supporting multiple chips and embedded passives [9]. De-
pending on the packaging technology used, there are three main
approaches for SOP integration; namely

1) low-temperature co-fired ceramic (LTCC) [also known as
multichip module ceramic (MCM-C)] [10];

2) multichip module deposition (MCM-D) [11];

3) multichip module laminate (MCM-L) [12].

The dielectric materials and highly conductive copper layers of
these packaging substrates makes high-() embedded inductors
and capacitors possible ([10], [12], [13]). This in turn leads to
the possibility of implementing completely integrated LNAs at
the package level.

Though many papers have reported optimization techniques
for CMOS LNAs ([4], [14]), all of them have assumed the use
of external inductances with fixed ). However, with the use
of embedded passives, designers now have the flexibility of
choosing the () required for a particular circuit component and
treating it as a new design variable in the optimization process.
This paper presents a novel optimization strategy for integrated
CMOS LNAs, with simultaneous optimization of transistor and
inductor sizing in the IC and the package for minimal noise
figure (NF) and device size.

System integration at the package level can lead to the use of
multiple embedded passives in the packaging substrate, which
can generate undesirable resonance and feedback in the circuit.
Due to the small electrical sizes involved, some of these effects
can be ignored for on-chip system implementations. Even for
issues such as feedback that are common for both on-chip and
package implementations, the mechanism for signal coupling
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TABLE 1
SURVEY OF PAST WORK ON CMOS LNAS FOR LONG-DISTANCE COMMUNICATIONS PROTOCOLS

Author Year | Frequency (GHz) [ Technology |NF (dB)|Gain (dB)| Completely Integrated?
Karanicolas et al. [3] | 1996 0.9 0.5u CMOS 2.2 15.6 NO
Shaeffer et al. [4] 1997 1.5 0.6u CMOS 3.5 22 NO
Hayashi et al. [5] 1998 0.9 0.35u CMOS 1.8 14.8 NO
Floyd et al. [6] 1999 0.9 0.8u CMOS 1.2 14.5 NO
Abou-Allem et al. [7] | 2001 1.9 0.5u CMOS 1.8 15 NO
Gramegna et al. [8] 2001 0.9 0.35 RFCMOS 0.85 15 NO

can be very different at the chip and package levels. Along with
circuit optimization, this paper also analyzes the electrical de-
sign issues involved in integrating circuits with multiple pas-
sives embedded in a multilayered substrate. To demonstrate the
feasibility for integration, LNAs integrated on a multilayered
organic substrate containing embedded passives have been fab-
ricated and tested in this paper.

The paper is organized as follows: Section II discusses the
contribution of finite inductor ()5 to the NF of a CMOS LNA
circuit. Section III provides details on an optimization strategy
for LNAs depending on NF and size requirements. Section IV
describes the fabrication of embedded inductors in organic
packaging substrates and the tradeoffs involved in the design
of embedded high-@ inductors. Section V discusses the design
of hybrid LNAs using both discrete and embedded components,
as proof-of-concept devices for high-frequency applications as
well as test-vehicles to study the effect of coupling between
multiple embedded passives. Section VI discusses the effect that
mutual coupling between embedded passives and the ground
return path layout have on the performance of the LNA and
finally, Section VII summarizes the findings and outlines future
work.

II. CMOS Low NOISE AMPLIFIERS AND NOISE ANALYSIS

The low noise amplifier is the first active device of any RF
front-end architecture (Fig. 1). Essential requirements of this
amplifier circuit are reasonable gain, a good input impedance
match, linearity and the lowest possible NF. If the device is to
be used in a portable device, the need for low power consump-
tion also becomes important. The noise factor (F') of an LNA
is a measure of the amount of noise added by the circuit to the
incoming signal, and is defined as the ratio of signal-to-noise
ratio (SNR) at the input of the device to the SNR at the output

(SNR)in 02,
F=——""—=2>2 1
(SNR)out ’U%m ( )

where v2; is the total noise power at the output referred to the
input, and v2, is the thermal noise power produced by the source
resistance (typically 50 €2). The noise figure is F' expressed in
decibals.

Though many topologies exist for LNA design, the cascode
architecture of Fig. 2 has been used widely for its low NF and
high input-output isolation [4]. The design process for the in-
ductively degenerated LNA consists of sweeping the NF with re-
spect to transistor (M1) gate width. Using the RF CMOS model
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Fig. 1. Typical wireless receiver front-end.

described in [15], the input impedance of the LNA can be cal-
culated as

mLs
Lin = Rg + R, + Rgato + Ben + g

) [ Ly . J
—jRsgm1/ — Lr— 2
JRsg Cos + jwlLr Cas )

where R, and R, are the parasitic resistances of the inductors
at the gate and source, respectively, Rgate is the resistance of
the polysilicon gate, Ry, is the channel resistance, g, is the
transconductance, Cgg is the gate-source capacitance, w is the
angular frequency and Ly is the sum of inductances Ls and
L. If the parasitic resistances (I7,, R; and Rgate) can be ig-
nored, the real part of the input impedance can be controlled
by choosing appropriate values for L and can be set to equal
the source resistance for impedance match. The gate inductance
is then chosen such that L; resonates with Cgg at the oper-
ating frequency, thus canceling out all the imaginary terms and
making the input impedance purely real at the frequency of
operation.

Inductances can be modeled as equivalent circuits comprising
of inductors, capacitors and resistors. The energy stored in the
device is shared between the inductance and the parasitic ca-
pacitances, while the resistor represents the loss in the device.
As such, the unloaded ) of the inductors are functions of the
parasitic capacitances as well as the resistance. If the parasitic
capacitances are very small and can be neglected, the unloaded
Qs (Q4 and Q) of the inductors (L4 and L, ) are related to their
parasitic resistances by

L L.
y= L0 p o 20
Qq Qs

where wy is the angular frequency of operation.

As mentioned earlier, several papers have discussed optimiza-
tion strategies for CMOS LNAs ([4], [14]). All of these design
methodologies have assumed fixed (), for the inductors. An
SOP approach that provides embedded inductors in the package
substrate allows the designer an extra design variable, namely,

R (€)
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Fig.2. LNA with inductive degeneration. R, and R are parasitic resistances
of the inductors L, and L,. The bias circuitry has not been shown for
simplicity’s sake.

the @ of the inductors. Depending on their contribution to per-
formance specifications like NF and gain, any or all of the three
inductors in the LNA circuit can be implemented on-chip or em-
bedded in the package. However, attaining a particular ) also
comes with tradeoffs in size and layout. In order to incorporate
these into the optimization methodology, it is necessary to de-
rive F' as a function of R, and R,.
The output current of the LNA (4,) can be defined as

io = Gmg(vi + 'Ung) + Gmsvns + Aiging + Aidind (4)

where v; is the input voltage, v, is the total noise voltage at
the gate, vy, is the total noise voltage at the source, and %,, and
ind are the gate and drain noise currents of the transistor M1.
In the above equation, G, g, Gimns, Aig, and A;q are the system
gains associated with the different voltage and current sources
respectively. Since the output current ¢, is also given by

Z'o = Gmg (Ui + vni) (5)

(where v,,; is the total noise voltage in the field effect transistor
(FET) referred to the input), combining (4) and (5) results in

Gms A'ig . Aid ,

~ Uns - In _.n- 6
Gmgv +Gmgt g-l—Gmng (6)

Uni = Ung +

Including all the noise contributions of the FET and that of the
parasitic resistances of the inductors, F' can then be derived from
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(1) as (7) shown at the bottom of the page [16], where R, is
the source resistance, which is typically 50 €2, 3 and - are bias
dependant noise parameters of the MOSFET, and gy, is defined
as the drain output conductance evaluated at Vgs = 0 V. In (7),
c is the correlation coefficient between the drain and gate noise
currents of the FET.

III. DESIGN OPTIMIZATION

Equation (7) shows that F' is equally dependent on the para-
sitic resistances of both gate and source inductors (R, and ).
However, in practice, L, is much smaller than L . Values of
inductance required for L are typically less than 2 nH, and
this can be implemented as an on-chip or bond-wire inductance
whose parasitic resistance can be neglected. By careful layout,
the resistance of the polysilicon gate can also be made very small
[4]. However, depending on the frequency of operation, L, can
be as high as 35 nH. The parasitic resistance of L,(R,) is hence
a very important contributor to the F’ of the LNA. As it is impos-
sible to implement this inductor on-chip, an optimum solution
is to embed it in the package.

Fig. 3 shows the variation of NF with respect to transistor
gate width (W), for different values of @), for a 1.9 GHz CMOS
LNA designed for the AMI 0.5-pum CMOS process. As can be
observed, there exists an optimum gate width where the NF is
minimum. However, this minimum NF shifts upwards as the
value of @), is decreased. It is also important to note that this
change is not a linear function of @),; the improvement in NF
with an improvement in )4 is much more apparent at low values
of Q4. Current design methodologies suggest designing circuits
assuming infinite (), and then using inductors with highest pos-
sible ). This is not a very satisfying strategy, as there are always
tradeoffs involved in achieving high ()5 during inductor design.
The nonlinear variation of NF with @), provides the scope for
an optimization methodology.

The @ of an inductor is a function of the signal loss within
the device. The losses in an inductor consist of two components,
namely, losses in the metal and losses in the substrate. It has
been shown in [12] that the inductor can be optimized for max-
imum () at the frequencies of interest (1-3 GHz). Under these
conditions, conductor losses dominate the total loss (and hence
the Q). The conductor losses can be reduced by increasing the
metal thickness and conductor width (which reduces the series
resistance), leading to an increase in size of the inductor, thus
allowing for the tradeoff of larger size for higher Q.

By using embedded inductors in place of chip-inductors for
L, the designer has control over the required unloaded Q) for
this inductor. However, due to the tradeoff with respect to size,

BwiCég (WALE + (Ry + Ry + Rgate + Ry)?)

& + Rgato

F=1
"R TR,

ki)
R,

+ QngCéS(RT + Rg + Rgate + R(‘,h + Re)(RT + Rg + Rgate + Re)

5R.7:g(10

gm Rz
n (U(%Cés(RT + Rg + Rgate + R(‘,h + Rs)2 Y9do

[3_7
5

9%

R, (N



82 IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 27, NO. 1, FEBRUARY 2004

Effect of finite inductor Q on NF

Contribution of finite Q of
8 the gate inductor to the NF

NF (in dB)
[=>]

Q= infinite (ideal inductor)

100 200 300 400 500 600 700 800 900 1000
W (in microns)

Fig. 3. Variation of NF with transistor width (for different values of @), for
a 1.9-GHz CMOS LNA designed for the AMI 0.5-pzm CMOS process.

using inductors with the maximum () possible is not a good
strategy and could lead to unnecessarily large sizes for the pack-
aged LNA.

Equation (7) can be used to find the optimum @ 4, required for
aparticular NF. Fig. 4 shows the variation of NF for the optimum
transistor gate width. NF decreases rapidly for increasing Q) at
low values of (), but the rate of change decreases at higher
values of (),. Hence, there is very little reduction in NF be-
yond a certain inductor ). Equation (7) and Fig. 4 provides the
minimum tolerable inductor ) required for satisfying the sen-
sitivity requirements of a particular circuit. For protocols like
Bluetooth and WLAN where the NF requirements are compar-
atively relaxed, even a @ of 25 is sufficient to achieve a NF
<3.5 dB. Higher Qs (60-80) are required to meet the specs
of long distance communication protocols like global system
for mobile communications (GSM) and wideband code-division
multiple-access (W-CDMA).

Taking the partial derivative of F' [in (7)] with respect to @),
results in

oOF L 1 L
— 290 [—+(2K1+K3)(Rx+Rgam+Rs+ g"“)

an B Q_(Z] RT g9
Lg(UQ
+(2K2+K3) Rx+Rgatc+Rch+Rs+ Q (8)
g
where
K — BwiCes _ V9d0w5 Cis _ 2cw5Cés VB
! R, 9do 2 R, !J%l R, 9m .

)
Equation (8) can be used to find the optimum @, required, at
which the rate of decrease of NF meets a certain value.

IV. EMBEDDED PASSIVES—OPTIMUM ) WITH MINIMUM SIZE

Embedded inductors and capacitors have been demonstrated
on MCM-L technology developed at the Packaging Research
Center, Georgia Institute of Technology [12]. The PWB/pack-
aging substrate on which these devices were fabricated was
processed by laminating a low-cost epoxy based layer, Dupont
Vialux, on a conventional 28 mil (~700 pm) printed wiring
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Fig. 4. Variation of NF with (), for a 1.9-GHz CMOS LNA designed for the
AMI 0.5-pgm CMOS process.

board (PWB) core, N4000-13. This resulted in a two-metal
layer process, which was sufficient for the design of parallel
plate capacitors and under-routing capabilities. The process
also offers microvias (with 100-um diameters), which are
important for the realization of minimum size passives in mul-
tilayered substrates. The first metal layer thickness was limited
to half the laminate layer thickness of 25 pm for ensuring a
uniform dielectric layer thickness. The top metal layer was
restricted to 15~17 pm to ensure uniform metal thickness.
The vendor supplied data for the two layer substrate were as
follows: Dupont Vialux had a dielectric constant of 3.3 and
loss tangent of 0.015 at 1 GHz and N4000-13 had a dielectric
constant of 3.7 and loss tangent of 0.015 at 1 GHz. Fig. 5(b)
shows the cross section of the substrate.

Inductors and capacitors were optimized for maximum @ at
the appropriate frequency. Fig. 5(a) shows the top view of a
4 in X 4 in quadrant of the substrate with inductors and capac-
itors. Table II provides measured results for passives realized
in the above technology. Microstrip type inductors use signal
lines referenced to a ground directly underneath the device. With
the given organic process, it was possible to have minimum
line widths of 3 mils and a maximum ground to signal sepa-
ration of 29 mil [Fig. 5(b)]. In coplanar waveguide (CPW) in-
ductors, signal lines are referenced to ground rings on the same
metal layer as the device. Although this eliminates the need for
backside connections, it results in an increase in the area of the
device. The CPW topology reduces current crowding on the
ground planes (which is typical in microstrip type inductors),
by forcing the currents to flow around the device in the larger
area coplanar ground. Inductors with )5 as high as 170 have
been demonstrated, as shown in Table II.

Lumped model equivalents for one-port inductors fabricated
using the organic process are shown in Fig. 6. The series
inductance, L,, and the series resistance, R, represent the
inductance and resistance of the inductor and under-routings
respectively. The overlap between the inductor and the underpass
allows direct capacitive coupling between the two terminals
of the inductor. This feed-through path is represented by the
series capacitance C;. Components C, and R, capture the
shunt capacitance and conductance between the inductor and
the ground reference.
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(a) Photograph of fabricated passives. (b) MCM-L substrate cross

TABLE 11
MEASUREMENT RESULTS FOR PASSIVES ON ORGANIC SUBSTRATES
Inductors Max Q Inductance SRF Area (mm*2)
CPW Circular Large 160 @ 1.8 GHz 16nH >3.6GHz 25
CPW Circular Small 170 @ 2.2 GHz 9nH >4 5GHz 28
1 turn microstrip 170 @ 2.4 GHz 1.6nH >5GHz 3.5
2 turn microstrip 110 @ 2 GHz 5nH >5GHz 4.1
3 turn microstrip 100 @ 1.2 GHz 12nH >3GHz 3
1.75 loop microstrip 110 @ 2.1 GHz 7.7nH >4 3GHz 4
2 loop CPW 110 @ 1.8 GHz 9nH >3.6GHz 9
2by2 loop CPW 80 @ 1.8 GHz 14nH >3.6GHz 9
1.75 loop CPW 150 @ 2.2 GHz 5 nH >4.5 GHz 9
Capacitors Q at 2GHz Capacitance SRF Area (mm*2)
Parallel Plate 33 0.92pF >6GHz 0.6
Parallel Plate 30 1.78pF >6GHz 116
Paratllel Plate 28 2.72pF >5GHz 1.87

Table II also provides measurement results for parallel plate
capacitors. Compared to the inductors, the capacitors exhibit
lower () values. This is because the upper limit for the () factor
for any size capacitor implemented on this substrate at a partic-
ular frequency, ignoring conductor loss, can be approximated
using 1/ tan 8, where tan ¢ is the loss tangent of the material
at the particular frequency. The @ factor is further reduced by
the conductor loss. Compared to the dielectric materials used in
common LTCC (tan 6 of 0.0015 at 10 MHz [10]) and MCM-D
(tané ~ 0.0008 [11]) processes for embedding passives, the
materials used in this buildup process are lossy (tan § ~ 0.015).
This sets the maximum () possible for capacitors in the process
at ~65.
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Inductor lumped-element model.

Fig. 7. Photograph of the fabricated inductor (the CPW ground ring around
the inductor is not shown).

The variation in @) for two inductors with the same topology
and inductance but different areas can be explained based on
the model of Fig. 6—the smaller inductor has larger series re-
sistance and smaller parallel resistance compared to the larger
inductor, and this results in a lower value of () for the smaller in-
ductor. An inductor can be made smaller (in size) by increasing
its proximity to the reference ground. However, this directly de-
creases the inductance per unit length due to the negative mu-
tual inductance with the ground plane. Thus, there is an increase
in series resistance for a physically smaller inductor due to the
increase in the length required to achieve the same inductance
compared to a larger inductor.

Fig. 7 shows photograph of a spiral inductor fabricated on an
organic substrate (the CPW ground ring around the inductor is
not shown in the figure). There are several design variables for
this inductor topology, namely the inner diameter, distance be-
tween the signal trace and the CPW ground, trace width, spacing
between traces and number of turns. As an example to demon-
strate the variation of () with inductor area, three single-turn in-
ductors were designed for the same inductance (~7.8 nH) value.
Table III shows the area and () (measured at 1.83 GHz) for these
inductors. As can be observed, for a given topology (inductor
shape and number of turns), there is an increase in () with in-
crease in device area.

Fig. 8 shows the variation of inductor area and NF with @),
for an LNA designed using these inductors. The dotted line rep-
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TABLE 1II
VARIATION OF INDUCTOR Q WITH AREA
Inductance (nH) Q Area (mm2)
7.81 48.81 14.747
7.82 70.897 17.743
7.81 85.52 18.92
2.75
Area
NF (in dB) ) 19 (in mm?)

NF,,,,=2.5dB e
spec 2B e i ey

5b 5.5 Gb 6l5 7.0 7.5 éO 8.5 90
O

Fig. 8. Variation of inductor area and NF with Q).

resents the specification for NF, which in this case was 2.5 dB.
The NF versus @), curve shows that the minimum inductor @
required to meet this specification is 64. The Area versus Q)
curve is then used to determine the minimum size for the induc-
tance that provide this Q (which in this case was ~ 17 mm?).

As an example of the chip-package co-design methodology
discussed in this paper, an LNA for GSM applications was
designed for AMI’s 0.5-um CMOS technology, with a standard
source resistance of 50 {2 and an operating frequency of
1.9 GHz, leading to inductance values of 9 and 1.2 nH for L,
and L, respectively. L was small enough to be implemented
on-chip; however, L, was too high to be implemented on-chip
without a drastic increase in the NF of the circuit. Plotting the
NF of the LNA versus its gate inductor @), the NF decreases
from about 5.2 to 2.1 dB as the ) of the gate inductor is
increased from 10 to 200. However, on designing, fabricating
and measuring different topologies for the gate inductance, it
was found that its size increased from 9 mm? for a @ of 110
to 28 mm? for a Q of 170. Since the NF of the LNA was not
affected for an increase in (), beyond 70-90 and since size
constraints limited the packaged device to an area of 3.5 mm X
3.5 mm, the inductor that provided optimum () for a minimum
size was chosen.

Fig. 9 shows the chip and package layouts of the proposed
LNA, along with simulated gain and NF numbers. The em-
bedded inductor has a two-loop CPW topology, occupies 9 mm?
of area, and has a () of 110. The package uses a six metal layer
organic packaging technology, with the inductor designed using
metal layers two and three. Metal layer 1 contains pads for chip
attachment. The components of the equivalent circuit model
(Fig. 6) for this inductor were extracted from measurements,
which translate to a series inductance (L) and resistance (R)
of 7.4 nH and 0.4 , respectively, and a parallel resistance (1)
and capacitance (Cs + Cp) of 27 kQ and 0.15 pF, respectively.
Fig. 9(b) shows the measured variation in ) with frequency for
this inductor. It is important to note that this data has been ob-
tained using inductors fabricated on lossy organic substrates.

V. HYBRID LNA DESIGN AND MEASUREMENTS

With higher levels of system integration, multiple passives
embedded in the package are necessary. For example, the phase
noise of a voltage-controlled oscillator (VCO) is inversely pro-
portional to the @) of the LC tank circuit ([17], [18]). An SOP-
based receiver could then contain embedded passives for both
the LNA and VCO. As mentioned earlier, multiple embedded
passives in the package leads to system-level issues like feed-
back and resonance, many of which are not apparent in an SOC
implementation. To study these and as proof-of-concept devices
for the use of embedded passives in organic technology for high-
frequency applications, hybrid LNAs using a combination of
discrete and embedded passives were designed for the pack-
aging technology described in the previous section. The circuits
were designed for use in the 2.1-GHz and 2.4-GHz frequency
bands.

The classical LNA architecture consists of an active device
with impedance transformation networks at the input and
output. The NF is mainly affected by the noise characteristics
of the transistor and the input impedance matching network.
Generally, the source impedance required by the active device
for minimum NF is different from the complex conjugate of
the input impedance obtained looking into the base/gate of the
device (the optimum impedance for maximum power transfer).
This means that it is usually not possible to simultaneously
achieve both maximum gain and minimum noise figure for
an amplifier, and that some compromise has to be made. In
addition to gain and NF, stability is also an important factor in
amplifier design. This again requires careful choice of source
and load impedances, so that the amplifier does not move into
the unstable region of operation. The selection of the optimal
source impedance Z,p¢ is achieved by plotting constant NF
circles and constant gain circles along with stability circles on
a Smith chart. The input impedance transformation network
transforms the source impedance (typically 50 Q) to Zgpt.
The output impedance transformation network transforms the
impedance at the collector/drain of the active device to 50 §2
for maximum power transfer.

Fig. 10 shows the schematic of the LNA, using a discrete
HBFP-0420 dual emitter transistor in a SOT-343 package and
the impedance transformation networks implemented using
high-@ embedded inductors and capacitors. The transistor is
biased in the common emitter configuration.

The input and output of the transistor were matched to
50 Q by using L-C pi networks, which were embedded in the
package. Though “L” networks are sufficient for a narrow-band
impedance transformation, the goal was to study the layout
issues and interaction between multiple embedded passives.
A decision was therefore taken to maximize the number of
embedded devices in the system. The output pi was designed
for maximum power transfer, and thus performs impedance
transformation from the complex conjugate of the collector
impedance to 50 €2. The input pi was designed for minimum
noise figure, and presents the Z,p¢ to the gate of the transistor.

The pi networks were designed using SONNET, which is a
commercial 2.5D method-of-moments solver. As shown in [16],
unloaded @) of 60-80 for the passives were sufficient to attain
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Fig. 10. LNA with impedance transformation networks (pi networks), and
implementation of the output pi using embedded passives.

near-minimum noise figure. Although Qs greater than 150 were
achieved in [12], the designs occupied > 9 mm? of the surface
area. The design of inductors in this paper was constrained to a
maximum surface area of 2 mm? and the overall pi area to less
than 6 mm?.

Fig. 11 shows the photograph of one of the fabricated LNAs,
as well as the measured gain (S ) and impedance match (S71)
values for two different amplifiers operating in the 2.1 GHz
and 2.4-GHz frequency bands. The circuits occupied 1.4 cm?
in area. The first amplifier, designed for WCDMA applications,
shows a gain of 12.74 dB and an input match of —14.01 dB at
2.1 GHz. The second amplifier, designed for Bluetooth applica-
tions, shows a gain of 10.5 dB and an input match of —13.772 dB
at 2.4 GHz. The plots show good correlation between measured
and modeled data. However, as will be explained in more de-
tail in the next section, it was necessary to account for coupling

(c)

(a) Chip and package layouts of the proposed integrated LNA, (b) measured ¢ values for the inductor used (9 nH, two-loop CPW topology), and

Gain (821 in dB)

Input Match
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Network Network Frequency (GHz)
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Match
(S11in dB)
.25 I
1 2 3 4 5
(¢)
Fig. 11. (a) Photograph of a fabricated LNA. (b) and (c) Modeled and

measurement data for LNAs operating at 2.1 and 2.4 GHz, respectively (the
dotted line represents the modeled data and the continuous line represents the
measured values).

between the input and output pi’s to achieve the results shown.
Table IV shows the performance summary of the two amplifiers.

VI. IMPORTANCE OF GROUND RETURN

Circuits with multiple passives have the problem of coupling
between the passives. This can lead to feedback, instability and
an overall degradation of the circuit performance. In circuits
where passives are in close proximity (inside a chip, for ex-
ample), coupling is mostly magnetic in nature [19]. However,
in electrically larger circuits like the LNAs described above,
the passives are sufficiently far apart to prevent direct magnetic
coupling. Feedback is mostly caused by return currents in such
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TABLE IV
LNA PERFORMANCE SUMMARY
LNA Circuit 1 Circuit 2
Frequency 2.1 Ghz 2.44 GHz
Gain (S21) 12.74 dB 10.5dB
Input Match (S11) -14.01 dB -13.772 dB
NF (simulated) 2.5dB 2.8dB
P-4 -8.9dB -9.2dB
Supply Voltage 3.5V 3.5V
Supply Current 7 mA 7 mA
Port 1 (In) 4 Port2 (Out) Port1 Port2 (Out)
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Fig. 13. Measured S;; values for amplifier circuits using the two pi
topologies of Fig. 12(a), showing the effect of the reference ground layout on
LNA performance.

cases. In either case, the relative placement of the passives and
their reference grounds becomes a crucial design issue.

showing instability.

16 \ 4 e A "’
o Jumpers-
Fig. 15. SONNET simulations of the unstable LNA layout, with the use of

jumpers for current rerouting.

To study the effect of ground return current, pi’s with different
reference ground layouts were modeled and implemented, and
their effect on the LNA performances was analyzed. Fig. 12(a)
shows two of the topologies used to implement the output pi
and Fig. 12(b) shows the SONNET simulations for both the pi
layouts. As can be observed [in Fig. 12(b)], for the frequency
band of interest, there is minimal difference in the S-parameters
for the two topologies. However, Fig. 13 shows the measured
response of the amplifier circuits for the two pi topologies. The
change in routing for Topology 2, caused the amplifier to move
into the unstable region of operation, which could not have been
predicted by simply simulating the pi’s alone using full-wave
electromagnetic solvers. The instability is caused due to the in-
fluence of return currents on the transistor circuit.
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With layout of the reference ground resulting in such drastic
changes in system performance, it becomes necessary to model
its effect at the design stage, so that any system level instability
problems can be identified and rectified. This involves the in-
corporation of the reference ground layout into the design and
simulation methodology.

A. Modeling—Field Solvers

Field solvers like HFSS and SONNET can be used to obtain
an n-port S parameter file for the entire layout, which can then be
used in a circuit based simulation tool like Agilent ADS. How-
ever, current modeling tools do have limitations when providing
solutions for internal ports, especially for devices configured in
a CPW topology as discussed in this paper. Instead, the effect of
the reference ground layout can be modeled as a mutual induc-
tance between the inductors of the input and output pi’s, with
the coupling coefficient depending on both spatial orientation
of the circuit components as well as the return current paths.

SONNET simulations of the complete layout for the unstable
LNA. showed considerable coupling between the input pi and
one of the inductors of the output pi. The reference ground
layout (and hence the return current path) for pi Topology 2
resulted in current crowding and signal coupling between the
input and output pi’s, leading to positive feedback and insta-
bility. The ratio of the current densities in the input and output
pi’s translated to a coupling coefficient of ~0.2, which, when
used in ADS, modeled the instability (Fig. 14). With rerouting
of the excess current to prevent coupling (through the use of
jumpers), it was possible to stabilize the amplifier. It is important
to note that the second SONNET simulation of the same layout
(Fig. 15), now with better ground routing through the use of

jumpers, exhibits a coupling coefficient of less than 0.05. Mea-
sured results for this LNA showed stable operation and a gain of
12 dB at 2.1 GHz, proving that the instability in the earlier case
was indeed because of return current routing. Through the use
of jumpers at appropriate locations, the coupling between the pi
networks could therefore be minimized.

B. Modeling—Using Transmission Lines

Electromagnetic solvers take long computation times, and
this further increases as the number of ports is increased. This
makes it difficult to use tools like SONNET to model the mu-
tual inductance in circuits at the design phase, when multiple
simulations are required for optimizing the layout. For example,
computing the coupling coefficient in the previous example at
six frequencies using SONNET required twelve minutes of sim-
ulation time on a Sunblade 1000 workstation. To reduce com-
putation time, a circuit based modeling methodology was also
used, based on transmission line theory [20].

Modeling each pi network as an equivalent circuit consisting
of two inductors and one capacitor makes it difficult to model
the effect of the reference ground layout. Non-idealities in the
ground distribution were therefore analyzed by segmenting the
structure into various coupled line sections [21]. Fig. 16 shows
an example of the segmentation of two inductors (in CPW
configuration) into several coupled line sections. Fig. 16(b)
shows the layout of the inductors unfolded into a cascaded
structure of coupled lines. Each individual transmission line
segment was defined by referencing it to the backside metal-
lization of the packaging substrate. Fig. 16(c) shows the cross
section of segment 4. The multilayer coupled line models
(e.g. ML5CTL_V, MLICTL_C, etc.) in ADS were used to
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obtain the complete circuit model, with both signal and ground
structures modeled as transmission line segments referenced to
the backside metallization.

Fig. 17 shows the modeled instability (in ADS). The cir-
cuit-based model was able to predict the frequency of instability,
at the same time reducing the computation time by an order of
magnitude (80 s) as compared to modeling using SONNET. It is
to be noted here that this modeling methodology is valid only at
low frequencies (<5 GHz). The accuracy of coupled-line mod-
eling decreases as the ratio of the wavelength to the thickness
of the dielectric decreases. The effect of discontinuities is also
much higher at high frequencies. In addition, the model was suc-
cessfully applied only for predicting the frequency of instability,
and not its amplitude.

VII. CONCLUSION

The use of high-() passives embedded in the packaging sub-
strate provides an opportunity for achieving complete system-
level integration. Unlike discrete passives (with fixed @)s) and
on-chip inductors (with very low ();), the use of embedded in-
ductors in the package (with a range of () values from 20 to 170)
results in the availability of a new design variable, namely the
passive Q. However, higher inductor ) values come with the
tradeoff of higher size. A novel optimization strategy incorpo-
rating the inductor () and device size into the design method-
ology for integrated CMOS LNAs has been developed. It has
been shown that beyond a certain inductor ), the NF becomes
almost independent of ). This optimum () can therefore be used
to determine the optimal size of the inductor, and thus reduce the
packaged device size. This methodology can be applied for de-
signing integrated CMOS LNAs using any of the common SOP
technologies. Simulations show that a completely integrated de-
vice with a gain of 10 dB and a NF of 2.2 dB can be implemented
using 0.5 pm CMOS technology and an organic laminate based
packaging substrate, with the packaged device measuring only
3.5 mm? in area.

A design and simulation methodology to integrate system
level full-wave solvers into the design process for active de-
vices with multiple embedded passives has been proposed and
validated through measurement results. In addition, a com-
putationally efficient circuit based modeling technique using
coupled-line theory has also been developed, to predict the
effect of coupling between multiple embedded passives in SOP

based integration schemes. Hybrid LNAs using a combination
of discrete and embedded components have been designed and
fabricated, as test vehicles to study the effect of return cur-
rent layout and coupling between multiple embedded passives
on system performance. As shown in this paper, the layout
of the reference ground and return current paths play a very
important role in the performance of the LNA.
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