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invention, which include the oscillator shown in FIGS. 23A
and 23B (see 1190), were among the best performers in at
least size and power consumption.

Multi-band Voltage Controlled Oscillators

As shown in FIG. 14, multi-band transceivers can use a
single oscillator for each frequency band of interest such as
VCOs 812 and 828. As shown in FIG. 14, each receiver for the
a frequency band in interest may have a separate signal path
from the antenna to the baseband processor (see e.g., signal
paths 802 and 818). However, because the RF/analog blocks
in a transceiver may occupy a major portion of the system, the
multi-band transceiver with multiple single band paths as
shown in FIG. 14 may be less efficient in size and power
consumption compared to the multi-band transceiver with
only a single multi-band path as shown in FIG. 15.

As discussed previously with regard to FIG. 15, using a
single concurrent, multi-band VCO 912 instead of individual
oscillators for the frequency bands of interest may reduce
board design time and the size of a multi-band transceiver
when compared to the one in FIG. 14. In FIG. 15, the indi-
vidual oscillators have been replaced with a single concur-
rent, multi-band VCO 912 until the first down conversion
stage after which individual intermediate frequency (IF) sig-
nals (e.g., baseband signal 914) are processed by the base-
band processor 916.

Concurrent multi-band VCOs, including those shown in
FIG. 15, can also be implemented by fabricating passive
components on organic substrates as described above. These
passive components include high-Q passive components
found in multi-resonant configurations, narrow band filters,
and matching networks. Active components such as the dis-
crete BJT and components for biasing the BJT are not neces-
sarily embedded in the organic substrate.

In a simple form, the concurrent, multi-band VCO can
generate signals at two or more different frequencies by using
an oscillator with a feedback network satisfying the
Barkhausen/Nyquist criterion at two or more different fre-
quencies. According to a preferred embodiment, such a feed-
back network can have dual-band characteristic by making
use of the dual network properties of such a passive network
at different frequencies. With respect to the passive network,
an inductor at one frequency may act more like a capacitor at
a different frequency, and vice versa. For example, the capaci-
tive feedback of the Colpitt’s oscillator shown in FIG. 16 A at
2.5 GHz is transformed into inductive feedback at 5.2 GHz.
This may allow the same passive network to be reused in an
oscillator in generating two signals at different frequencies.

Aspects of such an approach described above may include
one or more of a) simultaneous optimization of space and
power requirements to achieve desired phase noise perfor-
mance, b) reduced power consumption by using the power
consumed for a single oscillator to generate two unrelated
distinct frequencies without the use of fractional multipliers,
¢) lower phase noise reducing the loop-bandwidth and hence
lock-in time of PLLs (phase-locked loops), d) lower costs by
using customizable embedded bandpass filters, and e) high Q
passive components in organic packages.

As an example, a multiple-signal generator circuit of a
concurrent, multi-band VCO is shown in FIG. 27. The active
device 1200 may be Agilent’s HBFP 0420 (SOT-343 pack-
age) surface-mount BIT with a gain-bandwidth product (J )
of'18 GHz at4 mA and a forward emission coefficient (NF) of
1.3 dB at 2.5 GHz and 1.9 dB at 5 GHz with an available gain
of 14 dB. With such feedback-type oscillators, it may be
necessary to control the resonance of the passive components
forming the feedback network since they determine the feed-
back factor, which may control the RF output power, phase
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noise, and figure of merit (FOM). As shown in FIG. 27, at2.45
GHz, the series resonators (C1 1201, .1 1202 and C2 1203,
L2 1204) provide capacitive reactance (see chart 1205)
whereas the parallel resonator at the collector of the BIT (Cc
1206 and Lc 1207) provides inductive reactance (see chart
1208). Thus, at 2.45 GHz, the circuit in FIG. 27 functions as
a Colpitt’s oscillator with capacitive feedback from the col-
lector to the emitter (similar to FIG. 16A). At a higher fre-
quency such as 5.2 GHz, the series resonators (C1 1201, [.1
1202 and C2 1203, 1.2 1204) provide inductive reactance (see
chart 1205) whereas the parallel resonator at the collector of
the BJT (Cc 1206 and Lc 1207) provides capacitive reactance
(see chart 1208). Thus, at 5.2 GHz, the circuit functions as
Hartley’s oscillator (see FIG. 21) due to resonance and anti-
resonance of the series (C1 1201, L1 1202 and C2 1202, [.2
1204) and parallel resonators (Cc 1206 and Lc 1207), respec-
tively. While implementing the series and parallel resonators,
some of the components may be explicitly found in the cor-
responding layouts, but it is also possible that one or more of
C1 1201, L1 1202 and C2 1202, .2 1204, Cc 1206 and Lc
1207 may be represented as parasitics of another component.

The C1 1201, [.1 1202 combination provides an equivalent
capacitance of approximately 0.85 pF at 2.45 GHz and the C2
1203, L2 1204 combination provides an equivalent capaci-
tance of approximately 2.3 pF at 2.45 GHz. Likewise, the
parallel resonator (Cc 1206 and L.c 1207) at the collector of
the BJT 1200 provides an inductance of approximately 3.9
nH at 2.5 GHz and a capacitance of 0.05 pF at approximately
5.2 GHz. When designing the series and parallel resonators,
the reactance may be designed to be substantially constant at
the frequency of interest. The constant reactance enables the
oscillator design to be narrow-band and the specifications for
the subsequent filter 1210 to be relaxed. The large signal
loop-gain was determined using Agilent’s Advanced Design
System (ADS) simulator. The circuit was biased at 4 m A from
a2.7V DC supply. The loop-gain was adjusted to be 1.4 at 2.4
GHz and 1.5 at 5.2 GHz.

For a high [, (e.g., >30 GHz) transistor, the trans-conduc-
tance (G,,) remains almost constant at the concerned design
frequencies. Hence the 2.4 GHz and 5.2 GHz signals have
similar characteristics and amplitude. In such a multi-signal,
non-linear circuit, issues such as inter-modulation distortion
and harmonic distortion may be prevalent and may affect the
output signal purity. For example the first harmonic of the
2.45 GHz signal, which may occur at 4.9 GHz, must be
significantly attenuated (e.g., perhaps >40 dB) to avoid dis-
tortion at the 5.2 GHz output. Thus, a traditional T or Pi-type
matching network cannot be used in such a circuit with multi-
band characteristics. If power consumption is a concern,
purely passive matching may be used over active buffers. For
a concurrent, multi-signal VCO, narrow band (e.g., 100
MHz), low loss, high out-of-band attenuation, and multiple
transmission zeros type filters may be desirable. The design
of'the filters involves sufficient attenuation of the inter-modu-
lation products and less than 0.5 dB ripple in the pass band. In
addition, each filter should provide at least a transmission
zero in the pass-band of the other designed filter.

The multi-band filter 1210 following the core circuit may
be inductively-coupled dual resonator-type as shown in FIG.
28 according to an illustrative embodiment of the present
invention. The filters in FIG. 28 are Chebychev type with
transmission zeros providing sufficient isolation between
bands. Each filter is designed to match the core circuit at its
pass-band frequency while providing very low insertion loss.
The filters provide a rejection greater than 40 dB at the pass
band of the other filter. An additional zero is provided at 8
GHz which is the intermodulation product of the two frequen-
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cies (2.4 and 5.5 GHz). Such a response is desirable to meet
the isolation requirements from other modules, such as the
antenna, power amplifiers, in a multi-band environment.

FIG. 29 shows the broad-band simulated response of the
dual-band filter 1210 for 502 input and output impedances.
FIG. 30 shows the transient simulation of the complete 2.53
GHz and 5.2 GHz concurrent multi-band oscillator shown in
FIGS. 27 and 28.

According to another embodiment, a concurrent signal
generator for producing signals at 900 MHz and 1900 MHz
will be described. FIG. 31A shows the schematic of a base-
type concurrent oscillator that uses multiple resonance of
passive components. The bias network is not shown for sim-
plicity. FIG. 31A uses the same active device as used for the
2.4/5.2 GHz oscillator (i.e., Agilent’s HBFP 0420 (SOT-343
package) surface-mount BJT) described with respect to FIG.
27.

FIG. 31B illustrates an exemplary stackup for the base-
type concurrent oscillator of FIG. 31 A. The stackup includes
a 1 mil thick LCP layer 1350 that is laminated on a 32 mil
lower melt adhesive (core) layer 1352. FIG. 31B also shows
three metal layers, M1 1354, M2 1356, and M3 1358, which
may be copper. The LCP layer 1350 may be an LCP with a
dielectric constant of 2.95 and a loss tangent of 0.002. The
adhesive layer 1352 may have a loss tangent 0 0.0035 with a
dielectric constant of 3.38. Further, high density inter-metal
micro-vias 1360, perhaps with diameters <100 pm, may be
formed with high yield. The micro-vias 1360 enable the pas-
sive components to be closely packed together. Additionally,
through-holes 1362 may be employed for connection with the
microstrip ground metal layer 1358. The surface mount
device 1364 in FIG. 31B can be Agilent’s HBFP 0420 (SOT-
343 package) surface-mount BJT. FIG. 31C shows a top view
of a layout for the oscillator of FIG. 31 A. Note that not all of
the components L, L.,C, C, network 1302 are implemented as
separate components in the layout of FIG. 31C. For example,
referring to FIG. 31C, inductor .2 is implemented in two
stages, and the parasitic capacitance of L2 is C2.

The circuit in FIG. 31A may be biased at 10 mA from a
-1V and 2V supply. The base-type oscillator may operate in
a multiple reflection mode. Reflections (S,,>1) may occur at
the emitter and collector of the BJT due to negative resistance.
The frequency at which the reflections occur may be con-
trolled by the value of base inductance (L.,1.,C,C, network
1302). The L.,L.,C,C, network 1302 may provide an induc-
tance of 14 nH at2 GHz and 20 nH at 900 MHz. The loop-gain
can be determined using large signal S-parameters as shown
in FIG. 32. The loop gain criterion (1£0°) is satisfied at 890
MHz and 1.92 GHz. The phase of the large signal loop gain is
zero at 2.3 GHz, but the magnitude of loop-gain is less than 1
so oscillations are avoided at 2.3 GHz. The filter of the 900
MHz and 1.9 GHz concurrent signal generator is similar to
the one shown in FIG. 28, but without the mutual inductive
coupling (M12 and M34). The simulated response of such a
filter is shown in FIG. 33. The concurrent multi-band oscil-
lator in FIG. 31 A was simulated in the time domain to provide
output signal at 892.8 MHz and 1.92 GHz. FIG. 34 shows the
transient response of concurrent multi-band oscillator of FIG.
28A.

Low Noise Amplifiers

Several aspects may be evaluated in the design of a low
noise amplifier (LNA) for an RF application, including rea-
sonable gain, a good input impedance match, high linearity,
and the lowest possible noise figure (NF). If the LNA is to be
used in a portable device, such as a cell phone, the need for
low power consumption also becomes important. The NF of
an LNA is a measure of the amount of noise added by the
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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 as shown below:

_ (SNBR),,
~ (SNR)

NF

out

In a simplified form, the LNA includes an active device
with passive matching networks at its input and output. These
matching networks provide impedance transformation for
minimum NF at the input and maximum power gain at the
output. The use of high-Q embedded passives in organic
substrates for implementing these matching networks results
in lower NF and higher gain for the LNAs. Additionally, like
the VCOs described above, the passives can also be used for
implementing multi-frequency resonant circuits, thereby
making the LNAs operational at multiple frequencies.

FIG. 35 shows a circuit diagram of an exemplary low noise
amplifier and a corresponding photograph of the fabricated
device. In particular, FIG. 35 illustrates an LNA circuit with
an active device (e.g., a bipolar junction transistor) and the
matching networks that will be embedded in an organic sub-
strate. FIG. 35 also shows a photograph of the fabricated LNA
with the transistor and bias circuit soldered on. FIG. 36 shows
the measured gain and input match for the LNA of FIG. 35.

One of ordinary skill in the art would recognize that many
other embodiments of the LNA are also possible. For
instance, instead of an explicit matching network at the input,
the capacitance looking into the base/gate of the transistor
may be made part of the matching network. Depending on the
size and performance requirements, some of the passives can
be placed on-chip, leading to a design-segmentation. As indi-
cated previously, with the design of the LNA, the passive
Q-factor affects the NF and gain of the LNA.

Implementing Circuits in Low Form Factor Modules

With the drive towards embedding wireless functionality in
consumer devices (flat-panel displays, PDAs, etc.), imple-
mentation of the above multi-band multi-mode RF transceiv-
ers in low-profile ultra thin modules may also be desirable.
According to an embodiment of the present invention, the
topology and circuits discussed previously may be imple-
mented in low-profile modules (e.g., a maximum thickness of
1.1 mm).

FIG. 37 is illustrative of three embodiments of low form
factor modules according to embodiments of the present
invention. The term “substrate” in each of the above diagrams
consists of a multilayer stackup, including Hydrocarbons like
Rogers 4350B, single or multiple layers of LCP, single or
multiple layers of high-K materials or any combination of the
above. Several different types of ICs may be supported by the
substrate, including wire-bonded IC die, flip-chip IC die, and
packaged IC (e.g., a surface mount). In addition, discrete
components may be supported by the substrate, including
resistors. An overmold may also be used for encapsulating the
ICs and discrete components as shown in FIG. 37. According
to alternative embodiments of the present invention, an even
smaller version of the low form factor may be obtained by
embedding the IC and the discrete component within the
substrate. In this alternative embodiment, an overmold may
not be needed, thereby further reducing the form factor.

FIGS. 38A-38F provide exemplary multi-layer stackups
according to an embodiment of the present invention. The
embedded passives can be of microstrip, stripline, co-planar
waveguide (CPW) topology, or a hybrid thereof. Depending
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on size and performance requirements, the devices can be
designed such that they are optimized for high performance or
for small size.

Specifically, FIG. 38A discloses six metal layers (metal
being denoted by the dark lines). Both the top and bottom
metal layers may function as ground shields. The metal layers
on each surface of the LCP layer may contain inductors and
parallel plate capacitors. The metal layers on the laminate
layers adjacent the prepreg layers are optional and may con-
tain additional components if desired, such as for added den-
sity. In accordance with an embodiment of the present inven-
tion, the inductors are preferably formed on the LCP layers
and the capacitors are formed on either the LCP layer or the
Laminate layers. FIG. 38B is an extension of FIG. 38A, in
which an additional LCP layer with metal layers on opposite
sides thereof has been added. More components, including
parallel plate capacitors and inductors can be placed on this
additional LCP layer. This additional LCP layer is separated
from the other LCP layer by an additional prepreg layer,
though the layer may be electrically connected by microvias.

FIG. 38C illustrates the layers shown in FIG. 38B, except
that high K layers have been substituted as for the laminate
layers. When compared to the laminate layers, the high K
layers increase the separation and increase the capacitance for
capacitor components that may be placed on the high K
layers. Generally, the non-critical, lower-performing compo-
nents would be placed on the high K layers. FIG. 38D illus-
trates three LCP layers that are separated by two prepreg
layers. An aspect of the stackup shown in FIG. 38D compared
to the previous stackups in FIGS. 17A-C is that this is an
extremely thin stackup which may be onthe order ofa 0.3 mm
thick substrate. Four metal layers are shown in FIG. 38D,
which may contain components such as capacitors and induc-
tors, providing for excellent density. FIG. 38D may be known
as a high performance substrate. One of ordinary skill would
recognize that the stackup in FIG. 38D is not limited to 3 LCP
layers, but could contain additional layers, including another
LCP layer that is separated from the other LCP layer by a
prepreg layer.

FIG. 38E illustrates an inner high K layer that is positioned
between two laminate, L.CP, or high K layers. In particular,
the high K layer is separated from each laminate, LCP, or high
K layer by prepreg layers on opposite sides of the high K
layer. The high K layer and each of the laminate, L.CP, or high
K layers may contain metal layers on each surface to provide
for integrated components such as inductor and capacitors.
The stackup shown in FIG. 38E may be suitable for a baluns
which may have a more relaxed performance specification. In
such a case, the high K middle layer does not have to be
fabricated with such stringent requirements (e.g., thickness),
and is appropriate for use as an inner layer. FIG. 38F discloses
a stackup similar to that shown in FIG. 38 A, with the addition
of exterior RCF (resin coated foil) layers. RCF (resin coated
foil) allows for the same densities for lines and spacing and
microvias but at a lower cost compared to high K and LCP. In
addition, in FIG. 38F, the laminate layers could also be sub-
stituted with high K or LCP layers.

When working with hybrid CPW-stripline topology, the
higher performance components will typically need to be
further away from ground while the lower performance com-
ponents may be closer to ground. For example, in FIG. 38B,
inductors may be placed in the inner LCP layers while parallel
plate capacitors may be placed on the laminate layers. How-
ever, parallel plate capacitors could also be placed on the
inner LCP layers as well.
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Accordingly, embodiments of the VCO and LNAs
described above can be implemented in accordance with
FIGS. 37 and 38A-F.

Many modifications and other embodiments of the inven-
tions set forth herein will come to mind to one skilled in the art
to which these inventions pertain having the benefit of the
teachings presented in the foregoing descriptions and the
associated drawings. Therefore, it is to be understood that the
inventions are not to be limited to the specific embodiments
disclosed and that modifications and other embodiments are
intended to be included within the scope of the appended
claims. Although specific terms are employed herein, they are
used in a generic and descriptive sense only and not for
purposes of limitation.

That which is claimed:

1. A multi-band RF device operable at a first frequency and
a second frequency different from the first frequency, com-
prising:

an active device;

a first passive network in communication with the active
device, the first passive network comprising a first
matching network at an input of the active device;

a second passive network in communication with the active
device, the second passive network comprising a second
matching network at an output of the active device; and

an organic-based substrate having at least two metal layers,
wherein the two metal layers are patterned to form at
least a portion of the first passive network and the second
passive network, wherein impedances of the first and
second passive networks are different at the first fre-
quency than the second frequency.

2. The multi-band RF device of claim 1, wherein the first
and second passive networks comprise resonant circuits, and
wherein the impedances of the first and second networks
comprise reactance.

3. The multi-band RF device of claim 2, wherein the active
device is a bipolar junction transistor, wherein the multi-band
RF device is an oscillator, and wherein a first oscillation
signal at the first frequency and a second oscillation signal at
the second frequency are simultaneously generated.

4. The multi-band RF device of claim 1, wherein the active
device is a bipolar junction transistor and wherein the multi-
band device is a low noise amplifier operable for providing
power gain at the first frequency and the second frequency.

5. A multi-band low noise amplifier for use in an RF appli-
cation, comprising:

an active device;

a first matching network in communication with the active
device, wherein an impedance of the first matching net-
work at a first frequency is different than the impedance
of the first matching network at a second frequency;

a second matching network in communication with the
active device, wherein an impedance of the second
matching network at the first frequency is different than
the impedance of the second matching network at the
second frequency; and

a multi-layer organic-based substrate having at least one
metal layer, wherein the first matching network and the
second matching are formed on the at least one metal
layer and wherein the active device is mounted on the
multi-layer organic substrate, thereby allowing the an
output of the multi-band low noise amplifier to have
desired power gains at the first frequency and the second
frequency based at least in part on each of the first and
second matching networks having the different reac-
tance at the first frequency and the second frequency.
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6. The multi-band amplifier of claim 5, wherein the active
device is a bipolar junction transistor.

7. The multi-band amplifier of claim 5, wherein the multi-
layer organic-based substrate comprises at least one of hydro-
carbon and liquid crystalline polymer.

8. The multi-band amplifier of claim 7, wherein the first
matching network is positioned at an input of the multi-band
amplifier and the second matching network is positioned at an
output of the multi-band amplifier.

9. The multi-band amplifier of claim 8, wherein the first
matching network minimizes the noise figure for the multi-
band amplifier at the input at both the first frequency and the
second frequency.

10. The multi-band amplifier of claim 9, wherein the sec-
ond matching network maximizes the desired power gains for
the multi-band amplifier at the output at both the first fre-
quency and the second frequency.

11. The multi-band RE device of claim 1, wherein the
organic-based substrate comprises liquid crystalline polymer.

12. The multi-band RE device of claim 1, wherein the
active device is a field effect transistor.

13. The multi-band RF device of claim 1, wherein the first
passive network comprises a component embedded in the
organic-based substrate.
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14. The multi-band RE device of claim 1, wherein at least
one of the metal layers is patterned to form at least a portion
of'a component included in the first passive network.

15. The multi-band RE device of claim 1, wherein the
second passive network comprises a component embedded in
the organic-based substrate.

16. The multi-band RE device of claim 1, wherein at least
one of the metal layers is patterned to form at least a portion
of'a component included in the second passive network.

17. The multi-band amplifier of claim 5, wherein the first
matching network comprises a component embedded in the
organic-based substrate.

18. The multi-band amplifier of claim 5, wherein at least
one of the metal layers is patterned to form at least a portion
of'a component included in the first matching network.

19. The multi-band amplifier of claim 5, wherein the sec-
ond matching network comprises a component embedded in
the organic-based substrate.

20. The multi-band amplifier of claim 5, wherein at least
one of the metal layers is patterned to form at least a portion
of'a component included in the second matching network.

#* #* #* #* #*
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