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(57) Abstract: An integrated circuit
package includes an inductance loop formed
from a connection of lead wires and one
or more input/output (I/O) package pins.
In one embodiment, the inductance loop is
formed from first and second wires which
connect a first bonding pad on the integrated
circuit chip to a first I/O pin of the package
and a third and fourth wires which connect a
second bonding pad on the chip to a second
I/O pin of the package. To complete the
inductor loop, the first and second I/O pins
are connected by a third conductor between
the pins. The third conductor may include
one or more bonding wires and the I/O
pins are preferably ones which are adjacent
one another. However, the loop may be
formed from non-adjacent connections of
I/0O pins based, for example, on loop-length
requirements, space considerations, and/or
other design or functional factors. In
another embodiment, connection between
the first and second I/O pins is established
by making the I/O pins have a unitary
construction. In another embodiment,
connection between the first and second I/0

e\ pins is established by a metallization layer located either on the surface of the package substrate or within this substrate. By forming
the inductor loop within the limits of the integrated circuit package, a substantial reduction in space requirements is realized, which,
in turn, promotes miniaturization. Also, the integrated circuit may be implemented in any one of a variety of systems, at least one
parameter of which is controlled by the length of the inductor loop of the package.
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INTEGRATED CIRCUIT PACKAGE HAVING AN
INDUCTANCE LOOP FORMED FROM A MULTI-LOOP CONFIGURATION

BACKGROUND OF THE INVENTION

1. Field of the Invention.

This invention generally relates to integrated circuits, and more patticulatly to an
integrated circuit package having an inductance loop formed from at least one input/output
pin of the package. The invention also relates to a system which 1s at least partially controlled

by the inductor loop of the package.

2. Description of the Related Art.

One perennial goal among circuit designers is to decrease the size of integrated
circuits. This goal is latrgely dtiven by market demand for ever-smaller consumer electronics,
communications devices, and display systems to mention a few. There are, howevet, a
numbet of impediments that undermine this goal, one of which will now be discussed.

Many integrated citcuits are not self-contained devices. To ensute propet opetration,
these circuits must therefore be connected to one or more external components through
connections which do not involve the use of an IC package input/output pin. This is
accomplished, for example, by connecting the integrated citcuit chip 1 to an off-package
component 2 using bonding wires 3, as shown in Fig. 1. The need to establish off-package
connections incteases the cost and complexity of the manufacturing process and thetefore
is considered highly undesirable. These connections also expose the integrated citcuit to an
incteased tisk of damage from external influences, which translate into degtadation in
reliability and performance.

One conventional integrated circuit requiring off-package connections is routinely
used in the frequency synthesizetr of mobile communications devices such as cellular phones.
Because the phase noise specifications are S0 stringent in these devices, voltage-controlled
oscillators in a phase-locked loop used to generate the frequencies are typically based on some

resonant structure. Ceramic resonatotrs and LC tank circuits are common examples. While
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details in the implementation of LC tank oscillators ditfer, the general resonant structure
includes an inductor connected in patallel with a fixed capacitor (C) and a variable capacitor
(C,) . In the absence of any losses, energy passes between the capacitots and the inductor at
a frequency f,,, = (V2m) [L ( C + C))] ", with the inductance value L selected to control the
operating band of the device.

In an integrated circuit which includes the aforementioned frequency synthesizer, the
inductor used for band-selection purposes is located off-package (i.e., is citcuit-boatd
mounted). The use of off-package or board-mounted inductots increases system COStS.
Moteovet, connection problems may occut between the package and boatrd which may
adversely affect the teliability and petformance of the PLL circuitry.

Attempts have been made to ovetcome the drawbacks of these conventional devices.
One approach, disclosed in U.S. Patent No. 6,323,735, torms an inductor entirely within the
integrated circuit package containing the phase-locked loop citcuitry. ‘This 1s accomplished
using conductive wites which connect bonding pads on the 1C chip to a same bonding pad
on the package substrate. The connection between the pads and wires forms an inductance
loop which controls the opetational frequency band of the PLL citcuitty. Multiple bonding
pads may be included on the package substrate to form inductot loops ot varying length. The
loops ate then selectively activated to effect a change in operational frequency.

The approach taken in the '735 patent is undesirable for at least two reasons. First, in
order to form the inductor loop completely within the IC package, the package sub strate must
be formed to include bonding pads separate from the input/output package pins. The need
to form these special pads incteases the cost and complexity of the manufacturing process.
Second, in ordet to accommodate the bonding pads, the size of the integrated circuit
substrate must be increased and as a tesult mote citcuit board space is consumed. These
effects undermine the goal of increasing integration and miniaturization.

Another approach, disclosed in the text "Wireless CMOS Frequency Synthesizer
Design," by Craninckx, discloses a self-contained integrated citcuit package containing an
inductot loop. This loop is formed by connecting bonding wires between bonding pads on

the IC chip and respective input/output pins of the IC package. The input/output pins are

- -
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then connected by a thitd bonding wite. While this approach does not requite the formation
of special bonding pads on the package substtate, it is has at least two drawbacks that make
it undesirable. First, like in the '735 patent, a bonding wire is used to connect the
input/output pins. As previously noted, these wires are susceptible to damage duting
manutacture and/or use. Second, the input/output pins connected by the third bonding wire
are located on opposite sides of the package. As a result, the third wite must pass over the IC
chip. This is undesirable because the wite could short certain porttons of the chip circuitry
and introduce noise and othet interfering influences which substantially degrade chip
petformance.

In view of the foregoing considerations, it is apparent that a need exists for an
integrated circuit package which is mote economical and requires fewer processing steps to
manutacture than conventional IC packages, and which is also less susceptible to damage and
notse which can degrade reliability and petformance not only of the chip circuitty but also the
host system of the chip. A need also exists for an integrated citcuit package which is self-
contained at least with tespect to connection of an inductot loop connected to the chip, and

which is able through this connection to achieve at least one of the aforementioned

advantages.

SUMMARY OF THE INVENTION

An object of the present invention is to ptovide an integrated circuit package which
1s more economical and requires fewer processing steps to manufactute than conventional
IC packages.

Another object of the present invention is to provide an integrated citcuit package
which is less susceptible to damage and noise which can degrade reliability and petformance
not only of the chip citcuitry but also of the host system of the chip.

Another object of the present invention is to provide an integrated citcuit package
which is self-contained at least with tespect to connection of an inductor loop to the IC chip

and which is able through this connection to achieve at least one of the aforementioned

advantages.
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Another object of at least one embodiment of the present invention is to accomplish
one or more of the aforementioned objects by forming the inductor loop from multiple sub-
loops, which increase the effective inductance of the loop by an amount propottional to a
sum of the lengths of the sub-loops.

Another object of the present invention is to provide an integrated citcuit package
which does not require special bonding pads to be formed on the package substtrate in order
to form an inductor loop connected to the chip.

Another object of the ptresent invention is to achieve one ot mote of the
aforementioned objects by forming the inductot loop formed from at least one input/output
pin of the package.

Another object of the present invention is to provide a system which is at least
partially controlled by an integtated citcuit package in accordance with any one of the
aforementioned types.

These and other objects and advantages of the present invention are achieved by
providing a semiconductot package comprising an integrated circuit chip and an inductor
loop which is connected in a self-contained manner within the package. This self-contained
connection is accomplished by forming the loop from at least one and pteferably multiple
sub-loops. This may be accomplished by connecting first and second conductors between 2
first bonding pad on the chip and a fitst input/output pin of the package, and third and
fourth conductots between a second bonding pad on the chip and a second input/output pin
of the package. A fifth conductor connects the first and second input/output pins. This fifth
conductor may include a metallization layer included on a surface of the substrate ot within
a sub-surface layer of the package. The first and second input/output pins may be adjacent
pins within the package, ot these pins may be separated by at least a third input/output pin.

The first through fourth conductors are preferably bonding wires.

In accordance with anothetr embodiment, the semiconductor package comptises an
integrated circuit chip and an inductot loop which is connected in a self-contained manner

within the package. This inductot loop is formed by first and second conductors which

~4 -
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connect a first bonding pad on the chip to a first input/output pin of the package, and a third
and fourth conductors which connect a second bonding pad on the chip to a second
input/output pin of the package. In order to complete the multi-loop configuration, the first
and second input/output pins are adjacent and contact one anothet within the package. Also,
the first through fourth conductors may be bonding wires.

In accordance with another embodiment, the semiconductor package comprises an
integrated circuit chip and an inductor loop which is connected in a selt-contained manner
within the package. This inductor loop includes first and second conductors which connect
a first bonding pad on the chip to a first input/output pin of the package, and third and
fourth conductors which connect a second bonding pad on the chip to a second input/ outpﬁt
pin of the package. In otder to complete the loop, the first and second input/output pins ate
made to have a unitaty construction. Also, the first through fourth conductotrs may be
bonding wires.

In accordance with another embodiment, the semiconductor package comprises an
integrated circuit chip and an inductor loop which is connected in a self-contained manner
within the package. This inductot loop includes first and second conductots which connect
a first bonding pad on the chip to a first input/output pin of the package, and third and
fourth conductors which connect a second bonding pad on the chip to a second input/output
pin of the package. In order to complete the loop, one ot mote bonding wites are included
for connecting the fitst and second input/output pins. The first through foutth conductors
may also be bonding wires.

The present invention is also an oscillator circuit comprising an active oscillator
having two output nodes, an inductor loop coupled to the output nodes, and at least one
capacitive citcuit coupled to one of the output nodes. The capacitive citcuit includes a
capacitor, a tesistot, and a first switch, where the resistor provides a bias voltage to the
capacitor when the first switch is open and the first switch couples and decouples the
capacitor to the output nodes of the active oscillator. The active oscillator and capacitive
circuit are preferably included in a semiconductor package which includes an integtrated

circuit chip.
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The inductor loop includes first and second conductors connecting a first bonding pad
on the chip to a first input/output pin of the package, at least one of a third conductor and
a fourth conductor connecting a second bonding pad on the chip to a second input/output
pin of the package, and a fifth conductor connecting the first input/output pin to the second
input/output pin. The first, second, third, and fourth conductots may be bonding wires and
the fifth conductor may include a metallization layer either within or on a sutface of a
substrate of the package. Alternatively, the fifth conductor may include at least one bonding
wire connecting the first input/output pin to the second input/output pin, and in one
variation the fifth conductor includes at least two bonding wires. The first and second
input/output pins may be adjacent pins or ones sepatrated by atleast a third input/output pin.
In additional embodiments, the oscillator circuit of the present invention includes othet

embodiments of the inductor loop described above.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a diagram showing a conventional integrated circuit package which 1s not self-

contained.

Fig. 2 is a diagram showing a semiconductor package in accordance with a first

embodiment of the present invention.

Figs. 3(a) and 3(b) are diagrams showing examples of how a metallization layet in the
semiconductor package of the first embodiment of the present invention may be formed
relative to one ot more interim input/output pins of the package.

Fig. 4 is a diagram showing another way in which a metallization sub-layer may be
formed in the semiconductor package of the first embodiment of the present invention.

Fig. 5 is a diagram showing one way in which input/output pins may contact the
metallization sub-layet shown in Fig. 4.

Fig. 6 is a diagram showing a semiconductor package in accordance with a second

embodiment of the present invention.
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Fig. 7 is a diagtam showing a semiconductor package in accordance with a third

embodiment of the present invention.

Fig. 8 is a diagtam showing a semiconductor package in accordance with a fourth

embodiment of the present invention.

Fig. 9 is a diagtam showing a voltage-controlled oscillator in accordance with one

embodiment of the present invention.

Fig. 10 is a diagram showing a fitst vatiation of the voltage-controlled oscillator of Fig.

Fig. 11 is a diagram showing a second vatiation of the voltage-controlled oscillator of

Fig. 9.
Fig. 12 is a diagram showing a third vatiation of the voltage-controlled oscillator of
Fig. 9.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The presentinvention is, in one respect, a semiconductor package having an integrated
citcuit chip and an inductor loop which is connected in a self-contained manner within the
package. The present invention is also a system which is at least partially controlled by the
inductor loop of the semiconductor device mentioned above. The system may be 2
communications system whete the inductor loop is used to set a transmutter and/or RF
cartiet frequency ot another type of system. The various embodiments of the invention will
now be discussed in seriatim below.

Fig. 2 shows a semiconductot package in accordance with a fitst embodiment of the
present invention. This package includes an integrated citcuit chip 10 mounted on or within
a package housing 11. The housing includes a substrate 12 for suppotting the chip and a
plurality of input/output (I/O) pins 13 formed on the substrate for electtically connecting
the chip to one or mote external circuits (not shown).The substrate may be any type known
and the I/O pins may be connected to the chip using any one of a vatiety of conventional
attachment techniques, including but not limited to wite bonds and soldet bumps. Examples

of packages of this type include lead frame packages, ball gtrid array (BGA) packages including

-7 -
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those using tape automated bonding (T'AB), pin grid atray packages (PGA), thin small outline
packages (ISOP), small outline J-lead packages (SOYJ); small outline packages (SOP), and chip
scale packages (CSP) to name a few.

The I/O pins may take any one of a variety of forms. For example, thé pins are shown
as external package leads disposed along a periphery of the package substrate. Howevet, if
desited the pins may be formed in other ways including but not limited to electrically
conductive vias which extend through the package substrate to solder bump connections
provided on an opposing side of the package

The semiconductor package also includes an inductor loop 20 self-contained within
the package. The inductot loop is formed from multiple loops using a plurality of conductots.
A first sub-loop is formed by connecting first and second conductors 22 and 23 between a
first bonding pad 24 on the chip to a fitst input/output pin 26 of the package. A second sub-
loop is formed by connecting thitd and fourth conductors 32 and 33 between a second
bonding pad 34 on the chip to a second input/output pin 36 of the package. Inclusion of the
second sub-loop is optional. For example, a single conductor may be used to connect pad 34
and pin 36. Alternatively, additional sub-loops may be formed by connecting three or more
conductors between pad 24 and pin 26 ot between pad 34 and pin 36, ot both. The first
through fourth conductors are preferably bonding wites.

To complete the loop, a fifth conductor is included to connect the first and second
input/output pins. The fifth conductot includes a metallization layet 40 which may be formed
in a variety of ways. One way involves forming layer 40 on the uppet sutface 50 of the
package substrate. As shown in Fig. 2, this layer is preferably formed so that ends juxtapose
pins 26 and 36 tespectively. The metallization layer may be formed using any known
technique including but not limited to ion implantation and plasma etching. Further, the
metallization layer is preferably formed on the substrate before the integrated circuit chip 1s
mounted within the package. As an altetnative, the metallization layet may be formed before
mounting of the chip and even before I/O pins are formed on ot attached to the substrate.
In this latter case, the first and second I/O pins may be connected to or formed on top of

the metallization layer after its formation to thereby complete the inductor loop.

- 8-
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Once the inductor loop is formed, it may be used to control one ot mote citcuits on

the integrated circuit chip. For example, if the integrated circuit includes a phase-locked loop,

the inductance value of the loop may be used to set an output frequency or frequency band
of this circuit. Alternatively, the length of the loop may be used to set othet opetational

parametets of the chip. The specific application of the inductor loop of the ptesent invention

may be adapted, for example, depending upon the parameters being set and the specitic
function to be petformed by the integrated circuit.
The inductance value of the loop depends on its overall length. This length may be

set in various ways to achieve the desited inductance value. For example, lengths of the

conductors may be set to achieve a desited overall loop length. In addition or alternatively,
different numbers of sub-loops may be included between respective pins and pads until a
desited loop length, and thus inductance value, is achieved. Preferably, the input/output pins
connected in the loop are adjacent one anothet on the citcuit package. Howevet, if desired,
these pins may not be adjacent. In this case, the distance between the pins connected in the
loop contribute to a loop length which cotresponds to the desited inductance value.

Figs. 3(a) and 3(b) provide examples of this latter variation of the invention. In both
figures, intetim pins 65 and 70 ate located between pins 46 and 56 connected in the inductor
loop. In Fig. 3(a), the surface metallization layer 52 passes undetneath the interim pins. These
pins preferably are not connected to the chip. Otherwise, the metallization layer may shott
the circuit connected to the pins. In Fig. 3(b), the sutface metallization layer 62 is deposited
along a path which averts contact with the interim pins 72 and 73 to connect pins 74 and /5.
As a result, the interim pins may be connected to the chip circuitry without producing any
shorting effects. In accordance with another alternative, the length of the inductor loop may
be varied using a combination of the foregoing techniques.

Fig. 4 shows that another way of forming the metallization layer is to include it in a
sub-layer of the package substrate. In this figure, layer 80 is the sutface layer of the substrate,
layer 81 is the underlying metallization layer which may ot may not be immediately adjacent
to the sutface layet, and conductive vias 82 and 83 connect pins 85 and 86 to the

metallization layer. As an alternative to the conductive vias, at least one and preterably both

-9~
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the input/output pins connected in the loop have protruding portions 95 and 96 (Fig. 5) that
respectively contact the undetlying metallization layer. Fig. 5 shows this variation of the
present invention in cross-section, whetein for illustrative putposes only input/output pin 95
is shown contacting undetlying metallization layer 96 by protruding pottion 97.

Fig. 6 shows a semiconductor package in accordance with a second embodiment of
the present invention. This package includes an integrated circuit chip 110 mounted on ot
within a package housing 110. The housing includes a substrate 112 for suppotting the chip
and a plurality of input/output (I/O) pins 113 formed on the substrate for electrically
connecting the chip to one ot mote external circuits (not shown).The substrate may be made
from a material and the I/O pins may be formed and connected in any of the ways noted in
the discussion of the first embodiment.

The semiconductor package also includes an inductor loop 120 self-contained within
the package. The inductot loop has a multi-loop configuration, whete a fitst sub-loop 1s
formed by connecting first and second conductors 122 and 123 between a fitst bonding pad
124 on the chip to a first input/output pin 126 of the package. A second sub-loop is formed
by connecting third and fourth conductots 132 and 133 between a second bonding pad 134
on the chip to a second input/output pin 136 of the package. The fitst through fourth
conductors are preferably bonding wites. Unlike the first embodiment, at least one additional
bonding wire 140 is included to connect the pins 126 and 136. Connection between these
pins ensures that the loop is completed and a desited inductance value based on the overall
length of the loop is established. Once the inductor loop is formed, it may be used to control
one ot mote circuits on the integrated citcuit chip.

The foregoing embodiment may be varied in a number of ways. For example, one of
the sub-loops may be teplaced by a single conductor. Alternatively, mote than one sub-loop
may be connected between pad 124 and pin 126 ot between pad 134 and pin 136, ot both.
Also, the number of sub-loops connected between each pad-pin pait may be different from
one anothet.

Fig. 7 shows a semiconductot package in accordance with a third embodiment of the

present invention. This package includes an integrated circuit chip 150 mounted on ot within

~10-
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a package housing 160. The housing includes a substrate 162 for suppotting the chip and a
plurality of input/output (I/O) pins 163 formed on the substrate fot electtically connecting
the chip to one ot mote extetnal citcuits (not shown).The substrate may be made from a
material and the I/O pins may be formed and connected in any of the ways noted in the

discussion of the first embodiment.

The semiconductor package also includes an inductor loop 180 self-contained within

the package. The inductot loop preferably includes the following sub-loops. A fitst sub-loop

~ is formed by connecting conductors 182 and 183 between a first bonding pad 184 on the chip

to a first input/output pin 186 of the package. A second sub-loop is formed by connecting
conductors 192 and 193 between a second bonding pad 194 on the chip to a second
input/output pin 196 of the package. The conductors ate preferably bonding wires. Unlike
the first embodiment, the pins connected within the inductor loop are ad) acent and in contact
with one anothet. The contact between these pins ensures that the loop 1s completed and a
desired inductance value based on the length of the loop is established. Once the inductor
loop is formed, it may be used to control one ot mote citcuits on the integrated circuit chip.

The fotegoing embodiment may be vatied in a number of ways. For example, one of
the sub-loops may be replaced by a single conductor. Alternatively, mote than one sub-loop
may be connected between pad 184 and pin 186 ot between pad 194 and pin 196, ot both.
Also, the number of sub-loops connected between each pad-pin paitr may be different from
one anothet.

Fig. 8 shows a semiconductor package in accordance with a foutth embodiment of the
present invention. This package includes an integrated citcuit chip 200 mounted on or within
a package housing 210. The housing includes a substrate 212 for suppotting the chip and a
plurality of input/output (I/O) pins 213 formed on the substtate for electrically connecting
the chip to one ot mote external circuits (not shown).The subsuéte may be made from a
matetial and the I/O pins may be fotmed and connected in any of the ways noted in the

discussion of the first embodiment.
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The semiconductor package also includes an inductot loop 220 self-contained within
the package. The inductor loop includes a numbet of sub-loops. A first sub-loop is formed
by connecting conductors 222 and 223 between a fitst bonding pad 224 on the chip to an
input/output pin 226 of the package. A second sub-loop is formed by connecting conductors
252 and 233 between a second bonding pad 234 on the chip to a second input/output pin
230 of the package. The conductors are preferably bonding wites. Unlike the fitst and second

embodiments, the pins connected within the inductor loop have a unitaty construction; that

s, they are formed in one continuous piece although they may each have sepatate leads 240
and 241 for connection to a printed citcuit board or other external citcuit. Connecting the
first and second conductors to these éins ensutes that the loop is completed and a desired
inductance value based on the length of the loop is established. Once the inductot loop is
formed, it may be used to control one or more circuits on the integrated circuit chip.

A semiconductot package in accordance with any of the aforementioned embodiments
may be used in any one of a vatiety of applications. One exemplaty application is in a
communication system where the inductor loop 1s used to set one ot mote parametets such
as but not limited to an operating frequency. One illustrative embodiment of a voltage-

controlled oscillator of a type which may be used in such a communication system will now

be described.

Voltage-Controlled Oscillator

One exemplaty application of the present invention involves the formation of an
integrated voltage-controlled oscillatotr (VCO) of the type disclosed in pending U.S. Patent
Application Serial No. 10/443,835 (Attorney Docket GCTS-0024), the contents of which are
incorporated by reference hetrein. The VCO may be included in a phase-locked loop to
provide frequency signals for a variety of well known purposes, but those skilled in the art
can appreciate that this VCO application 1s by no means the only application of the invention.
As previously emphasized, the various embodiments of the present invention may be used
in virtually any circuit that requires an inductance element. An exemplary embodiment of a

VCO application in accordance with the present invention will now be discussed.
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Because the phase noise specifications in mobile phone applications are so stringent,
allowable types of VCOs ate limited and an L.C oscillator is usually used. The L.C oscillator
includes a resonant tank circuit and a few active devices to compensate for energy loss in the
tank citcuit. Since the tank citcuit is a type of band-pass filter, the phase noise performance

of the LC oscillator tends to be better than other types of oscillators.

The nominal frequency of the L.C oscillator may be expressed in accordance with the

following equation:

1
_ZﬂJLC

I veo

where £, = the nominal frequency of the VCO, L= the inductance, and C= the capacitance.
From this equation, it is apparent that there are at least two ways in which the output
frequency of the VCO may be controlled. One way involves vatying the caf)acitor (C) of the
oscillator circuit and the othet involves varying the inductor value (L). A voltage-controlled
oscillator formed in accordance with the present invention sets the inductor value in
accordance with any one ot more of the inductance-loop embodiments shown in Figs. 2-8,
either alone or with an accompanying adjustment in the capacitance value.

Fig. 9 is a diagtam illustrating an oscillator circuit 600 in accordance with one
embodiment of the present invention. This citcuit includes an oscillator 610 and at least one
adjusting citcuit 620 opetably coupled to the oscillator 610. The adjusting circuit includes a
biasing resistor 622, a teactive element 624 (e.g., a capacitor) and a first switch 620. The first
switch 626 selectively couples and decouples the reactive element 624 from the oscillator
citcuit 600. The biasing resistor 622 provides a bias voltage V, to the reactive element 624
so that the reactive element 624 has a bias voltage when the first switch 626 1s open.

As discussed in detail in the following sections, the bias voltage V, can be supplied
to the reactive element in a variety of configurations. For example, a biasing switch 628 can
be located between the bias resistor 622 and the bias voltage V,. The bias switch 623
selectively couples the bias tesistor 622 to the bias voltage when the first switch 626

decouples the reactive element 624. The bias switch 628 selectively decouples the bias
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resistor 622 from the bias voltage V, when the first switch 626 couples the reactive element
624 to the oscillator circuit 600. Alternatively, the bias resistor 622 can be sized (e.g., a high
resistance value) so that the bias voltage V, can be constantly coupled to the biasing resistor
aﬁd so that the bias voltage V, does not substantially change the operating charactetistics of
the adjusting circuit when first switch 626 is closed.

The bias voltage V, can be connected to ground voltage, the supply voltage, or a
common mode voltage of the oscillator output. Further, the bias voltage V, can be vatiable
and can be selected from a range from ground voltage to supply voltage. Additionally,

switches 626 and 628 can be semiconductor switching devices, such as transistors and the

like.

As illustrated in Fig. 9, the adjusting circuit 620 is part of resonant circuit 630. Those
skilled in the att will appreciate that resonant circuit 630 can contain additional elements such
as inductors, capacitors and tresistors. As first switch 626 is opened ot closed, teactive
element 624 is removed or added from the resonant citcuit 630, respectively. Accordingly,
the first switch 626 can alter the charactetistics of the resonant circuit 630 and thus the
frequency of the VCO. Futthet, additional adjusting circuits can be added to resonant circuit
630 to increase the range of control. Also, those skilled in the art will appreciate that the
adjusting circuit of Fig. 9 can be used in either single ended or differential-type oscillators,
since the increased tuning range and imptroved phase noise performance are beneficial to
both types of oscillatots.

Figs. 10-12 show variations of the oscillator citcuit of Fig. 9, each of which includes
first and second cascaded adjusting citcuit stages coupled on either side of the oscillator
active circuitry and an inductot loop coupled to the cascaded adjusting stages. A discussion
of these variations now follows. | |

Fig. 10 is a schematic diagram showing a first variation of the voltage-controlled
oscillator of the present invention. This vatiation preferably includes active oscillator circuitry

702 which, for example, may correspond to citcuit 610 in Fig. 9 The citcuit in Fig. 10 has a
differential configuration with output nodes OUT 706 and OUTB 708. An inductor 704 1s
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f

preferably coupled to the output nodes OUT 706 and OUTB 708. Two ot more citcuits
having a capacitor 722 coupled in seties with a switch 718 can also be coupled to OUT 706.
The capacitor 722 is coupled to the output node 706 and switch 718. Switch 718 is preferably
a transistor switch coupled to a reference voltage, which can be a ground voltage as shown
in Fig. 9. In addition, the circuit preferably includes a series coupled resistance and switch
such as an explicit resistor 710 coupled in series with transistor switch 714. The explicit
resistor 710 1s coupled at one end to a common node of capacitor 722 and transistor switch
713, and the transistor switch 714 is coupled between the other end of resist(:)r 710 and a bias
voltage V. r

Similar components and connections preferably exist with respect to the output node
OUTB 708. For example, a capacitor 722 is preferably coupled in series with transistor
switch 720, and the other terminal of the capacitor 722 is coupled to the output node OUTDB
708. Further, one terminal of transistor switch 720 is coupled to ground. Moreovet, there
is preferably an explicit resistor 712 coupled 1n series with a transistor swi&h 716 such that
the resistor 712 is coupled to a common node of the capacitor 722 and the transistor switch
720, and a terminal of the transistor switch 716 is coupled to the bias voltage V,. Those
skilled in the art will appreciate that capacitors 722 can have the same or different values.
Likewise, the related resistors and switches can have the same or different values as
determined by the specific design requirements of each application.

Opetration of the circuit shown in Fig. 10 will now be described. Preferably, the value
of the resistors 710 and 712 are determined or optimized for the best phase noise
petformance in the off-state. Since the resistor value is usually high (e.g., exceeding several
KQ), there is no need for the low on-tesistance of the transistor switches 714 and 716. Thus,
the size of the transistor switches 714 and 716 can be very small. Also, the additional
patasitic capacitance of transistor switches 714 and 716 is small, and because the tesistors 710
and 712 are designed to cover most of the resistance in the off-state variation of the

characteristics of the transistor switches 714 and 716 are not significant. The bias level V

determines the common level in the off-state and can have any value from ground to supply
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voltage. Thus, the bias level V, can be generated from a simple bias generator such as a
resistor divider. V, can also be ground or supply voltage itself.

Fig. 11 is a schematic diagram showing a second vatiation of the voltage-controlled
oscillator of the present invention. This variation 800 preferably includes active oscillator
circuitry 802 which, for example, may correspond to circuit 610 in Fig. 9. The citcuit in Fig.
11 has a differential configuration with output nodes OUT 806 and OUTB 808. An inductot
804 is preferably coupled between the output nodes OUT 806 and OUTB 808. A seties
citcuit including a capacitor 822, a resistance shown as an explicit resistor 810, and a switch
814 or the like (e.g., a transistor) is preferably coupled to the output node OUT 800 at one
terminal of the capacitor 822 and one terminal of the transistor switch 814, which are
opposite ends of the seties circuit.

In addition, a switch 818 ot the like (e.g., a transistor) is preferably coupled between
a reference voltage being ground and a common node of the capacitor 822 and the resistor
810. Similar circuits may be coupled to the output node OUTB 808. Fot example, a seties
citcuit including capacitor 822, resistor 812, and transistor switch 816 may be coupled to the
output node OUTB 808 through one terminal of capacitor 822 and a terminal of transistos
switch 816 with the series circuit positioned therebetween. Preferably, transistor switch 820
is coupled between ground and a common node of the capacitor 822 and the resistor 812.
Those skilled in the art will appreciate that capacitors 822 can have the same ot different
values. Likewise, the related resistors and switches can have the same or different values as

determined by the specific design requitements of each application.

In the embodiment shown in Fig. 11, thete is no need for additional biasing circuitry
duting the off state. Instead, the common mode voltage of the active citcuitry in the LC
oscillator provides a proper DC bias to the other terminal of the capacitor not connected to
the oscillator output. Also, in VCO 800, a size of transistor switches 814 and 816 can be very
small. Thus, the additional parasitic capacitance of transistor switches 814 and 816 1s not

significant.
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Fig. 12 is a schematic diagram showing a third vatiation of the voltage-controlled
oscillator of the present invention. As shown in Fig. 12, the VCO preferably includes active
oscillator circuitry 902 which, for example, may cotrrespond to circuit 610 in Fig. 9. This
circuit has a differential configuration with output nodes OUT 906 and OUTB 908. Inductor
904 is preferably coupled between the output nodes OUT 906 and OUTB 908. In addition,
a capacitor 922 is preferably coupled in seties with a switch 918 (e.g., a transistor), where a
remaining terminal of capacitor 922 is coupled to the output node OUT 906 and a remaining
terminal of transistor switch 918 is coupled to ground. Preferably, there is an explicit
resistance preferably being resistor 910 coupled between a common node ofthe capacitor 922
and the transistor switch 918, and a bias voltage V.

Similar circuits ate preferably coupled to OUTB 908. For example, a capacitor 922 1s
preferably setially coupled with transistor switch 920, where a remaining terminal of the
capacitor 922 is coupled to the output node OUTB 908, and a remaining terminal of the
transistor switch 920 is coupled to ground. Preferably, an explicit resistor 912 is coupled
between a bias voltage V, and a common node of the capacitor 922 and the transistot switch
920. Those skilled in the art will appreciate that capacitors 922 can have the same ot different
values. Likewise, the related resistors and switches can have the same or different values as
determined by the specific design requirements of each application.

In'the embodiment shown in Fig, 12, tutn-off switches (e.g., switches 814 and 816 in
Fig. 10) are eliminated with teduced or limited loss of performance. This is because the
resistances of explicit resistors 910 and 912 are selected so that they do not sevetely change
the operating characteristics duting the on petiods of switches 918 and 920. Those skilled in
the art will appreciate that the approptiate values for resistors 910 and 912 are determined
empirically for a given oscillatot design (e.g., capacitance, frequency range, and the like).
When switches 918 and 920 are opened to reduce the capacitance, the othetr terminal not
coupled to the oscillator output preferably has its DC bias voltage substantially the same as
the common mode voltage of the oscillator 902.

In Figs. 9-12, the voltage-controlled oscillator may be formed on a chip which 1s

preferably mounted within a self-contained semiconductor package configured in accordance
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with any of the embodiments of the present invention shown in Figs. 2-8. Accordingly, the
inductor loop of the package may be used as a basis fot setting the output frequency of the
VCO. Motze specifically, the length of this loop may be formed to produce an inductance
value (corresponding to any one or more of inductors 704, 804, and 904) which causes the
VCO to output a desired frequency or operate within a desired frequency band.

For example, in one non-limiting but particularly advantageous application, the loop
length may be formed to generate an inductance value of 1.30 nH. This causes a PLL
incotrporated the VCO to output a frequency of 1.98 GHz, under conditions whete the VCO
is an RF1-type (e.g., PCS) oscillator and the capacitance is 4.96 pF. Whete the VCO 1s an
RF2-type (e.g., CDMA) oscillator with the same capacitance value, the loop length of the
inductor may be formed to generate a value of 1.81 nH, which is sufficient to produce an
output transmission frequency from the PLL of 1.28 GHz. The mannet in which an
inductance value may be used to control the output frequency of a PLL is known, and for
example may be accomplished in the manner disclosed in U.S. Patent No. 6,323,735, the
contents of which is herein incotrporated by reference. The inductor loop may also be used
in conjunction with multi-phase clock signals in a manner to be disclosed in greatet detail -
below.

As previously noted, a voltage-controlled oscillator in accordance with the present
invention may advantageously be used in a PLL circuit to generate frequency (e.g., local
oscillator signals) signals in a communications receiver. Those skilled in the art will appreciate,
howevet, that the VCO of the present invention may be used in any other device that uses
ot can use a PLL or VCO. For example, these devices include a receivet, transmitter,
transceiver, witreless communication device, base station, or mobile unit (e.g., cellular phones,
PDA’s, pagets, and the like).

It is further noted that a voltage-controlled oscillator formed in accordance with the
present invention has various advantages. For example, the tuning tange of a PLL may be
increased compared with conventional devices of this type. Further, problems associated with

tutn-on and turn-off conditions of VCO adjusting citcuitry may be substantially reduced ot
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even eliminated. In addition, the size of the transistor switches can be reduced which thereby

promotes miniaturization.

Those skilled in the art will also recognize that methods ate disclosed in the foregoing
description for tuning a device having an oscillator citcuit. These methods comptise, for
example, providing a bias voltage via a bias resistor to a reactive element so that the reactive
element has a bias voltage when a first switch is open, using the first switch to couple or
decouple the reactive element from the oscillator circuit and coupling, the bias tresistor to the
bias voltage with a second switch. Further, the method can include opening the second
switch 1f the first switch is closed and closing the second switch if the first switch is open.
The method can be applied to a variety of devices such as a PLL, a receiver, a transmitter, a
transceiver, a wireless communication device, a base station, and/ot a mobile unit.

Other modifications and variations to the invention will be apparent to those skilled
in the art from the foregoing disclosure. Thus, while only certain embodiments of the
invention have been specifically described herein, it will be apparent that numetous

modifications may be made thereto without departing from the spitit and scope of the

invention.
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We claim:

1. A semiconductor package, comprising:
an Integrated circuit chip; and
an 1nductor loop including:
(2) tirst and second conductors connecting a first bonding pad on the chip
to a tirst input/output pin of the package;
(b)  atleast one of a third conductor and a fourth conductor connecting a

second bonding pad on the chip to a second input/output pin of the
package; and

() afifth conductor connecting the first input/ output pin to the second
input/output pin.

2. The semiconductor package of claim 1, wherein the first, second, third, and

tourth conductors are bonding wires.

3. The semiconductor package of claim 1, whetein the fifth conductor includes

a metallization layet with a substrate of the package.

4. The semiconductor package of claim 3, wherein the metallization layer is on

a sutrface of the substrate.

5. The semiconductor package of claim 3, whetein the metallization layer is

included in a sub-sutface layer of the substrate.

0. The semiconductor package of claim 1, whetein the fifth conductor includes

at least one bonding wire connecting the first input/output pin to the second input/output
pin.
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7. The semiconductor package of claim 6, wherein the fifth conductor includes

at least two bonding wires.

8. The semiconductor package of claim 1, wherein the first input/output pin and

the second input/output pin are adjacent pins.

9. The semiconductor package of claim 1, wherein the first input/output pin and

the second input/output pin are separated by at least a third input/output pin.

44

10. A semiconductor package, comptrising:

an integrated circuit chip; and

an inductor loop including:

(a) first and second conductors connecting a first bonding pad on the chip

t to a first input/output pin of the package;

(b)  atleast one of a third conductor and a fourth conductor connecting a
second bonding pad on the chip to a second input/output pin of the
package, whetein the first input/output pin and the second

input/output pin are adjacent and contact one another.

11.  'The semiconductor package of claim 10, wherein the fitst, second, thitd, and

fourth conductors are bonding wites.

12. A semiconductor package, comprising:
an integrated circuit chip; and
an inductor loop including:
(a)  first and second conductors connecting a first bonding pad on the chip
to a first input/output pin of the package; and
(b)  atleast one of a third conductor and a fourth conductor connecting a

second bonding pad on the chip to a second input/output pin of the
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package, wherein the first input/output pin and the second

input/output pin have a unitaty construction.

13.  The semiconductor package of claim 12, wherein the first, second, third, and

fourth conductors are bonding wires.

14. A semiconductor package, comptising:
an integrated circuit chip including a phase-locked loop; and

an inductor loop having a length corresponding to an output frequency of the

phase-locked loop, said inductor loop including:

(a)  firstand second conductors connecting a first bonding pad on the chip
to a first input/output pin of the package;

(b)  atleast one of a third conductor and a fourth conductor connecting a
second bonding pad on the chip to a second input/output pin of the
package; and

(©)  a fifth conductor which connects the first input/output pin to the

second input/output pin.

15.  The semiconductor package of claim 14, wherein the first, second, third, and

fourth conductors are bonding wites.

16.  The semiconductor package of claim 14, wherein the fifth conductor includes

a metallization layer with a substrate of the package.

17.  The semiconductor package of claim 16, wherein the metallization layet is on

a surface of the substrate.

18.  The semiconductor package of claim 16, wherein the metallization layer 1s

included in a sub-surface layer of the substrate.
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19. The semiconductor package of claim 14, whetein the fifth conductot includes

at least one bonding wite connecting the first input/output pin to the second input/output

pin.

20.  The semiconductor package of claim 19, whetein the fifth conductor includes

at least two bonding wites.

21. Thesemiconductor package of claim 14, whetein the first input/output pin and

the second input/output pin ate adjacent pins.

22.  The semiconductor package of claim 14, wherein the first input/output pin and

the second input/output pin are separated by at least a thitd input/output pin.

23. A semiconductor package, comprising:
an 1ntegrated circuit chip including a phase-locked loop; and
an inductor loop having a length cotresponding to an output frequency of the
phase-locked loop, said inductor loop including:

(a) first and second conductors connecting a first bonding pad on the chip
to a first input/output pin of the package;

(b)  atleast one of a third conductor and a fourth conductor connecting a
second bonding pad on the chip to a second input/output pin of the
package, wherein the first input/output pin and the second

input/output pin are adjacent and contact one another.

24.  The semiconductor package of claim 23, wherein the first, second, third, and

fourth conductors are bonding wites.

25. A semiconductor package, comprising:

an integrated circuit chip including a phase-locked loop; and

-273 -



10

15

20

25

CA 02537259 2006-02-27
WO 2005/022597 PCT/US2004/027797

an inductot loop having a length cotresponding to an output frequency of the
phase-locked loop, said inductot loop including:
(a)' tirst and second conductors connecting a first bonding péd on the chip
to a first input/output pin of the package; and
(b)  atleast one of a thitd conductor and a fourth conductor connecting a
second bonding pad on the chip to a second input/output pin of the
package, wherein the first input/output pin and the second

input/output pin have a unitary construction.

26.  'The semiconductor package of claim 25, wherein the first, second, third, and

$

tourth conductors are bonding wites.

27.  An oscillator circuit, comptising:

an active oscillator having two output nodes;

an Inductor loop coupled to the output nodes; and

at least one capacitive circuit coupled to one of the output nodes, said
capacitive citcuit including a capacitot, a resistor, and a first switch, Whereiﬁ sald resistor
provides a bias voltage to the capacitor when the first switch is open and wherein said first
switch couples and decouples the capacitor to the output nodes of the active oscillator, and
whetein the active oscillator and capacitive circuit are included in a semicoriductor package
which includes an integrated circuit chip, said inductor loop including:

(@)  firstand second conductots connecting a first bonding pad on the chip
to a first input/output pin of the package;

(b)  atleast one of a thitd conductor and a fourth conductor connecting a
second bonding pad on the chip to a second input/output pin of the package; and

(©)  afifth conductor connecting the fitst input/output pin to the second

input/output pin.
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28.  The oscillator circuit of claim 27, wherein the first, second, third, and foutth

conductors are bonding wires.

\

29.  The oscillator circuit of claim 27, wherein the fifth conductor includes a

metallization layer with a substrate of the package.

30.  The oscillator citcuit of claim 29, wherein the metallization layer is on a sutface

of the substrate.

31.  The oscillator circuit of claim 29, wherein the metallization layer is included

in a sub-sutface layer of the substrate.

32.  The oscillator circuit of claim 27, whetein the fifth conductor includes at least
one bonding wire connecting the first input/output pin to the second input/output pin.

3

33.  The oscillator citcuit of claim 32, wherein the fifth conductor inchudes at least

two bonding wites.

34. "The oscillator circuit of claim 27, whetein the first input/output pin and the

second input/output pin are adjacent pins.

55.  The oscillator citcuit of claim 27, wherein the fitst input/output pin and the

second input/output pin atre sepatrated by at least a third input/output pin.

36.  An oscillator circuit, comprising:
an active oscillator having two output nodes;
an inductot loop coupled to the output nodes; and
.at least one capacitive citcuit coupled to one of the output nodes, said

¢ o . %t . . . ’ . . . N
capacitive citcuit including a capacitor, a resistor, and a first switch, whetein said resistor

-5~



10

15

20

25

CA 02537259 2006-02-27
WO 2005/022597 PCT/US2004/027797

p—

provides a bias voltage to the capacitor when the first switch is open and whetein said first

switch couples and decouples the capacitor to the output nodes of the active oscillatot, and
whetein the active oscillator and capacitive citcuit ate included in a semiconductot package
which includes an integtrated citcuit chip, said inductor loop including:

(a)  first and second conductots connecting a first bonding pad on the chip
to a first input/output pin of the package; and

(b)  atleast one of a thitd conductor and a fourth conductor connecting a
second bonding pad on the chip to a second input/output pin of the package, whetein the

first input/ output pin and the second input/output pin are adjacent and contact one another.

37.  The oscillator citcuit of claim 36, wherein the fitst, second, third, and foutth

conductors are bonding wires.

38.  An oscillatot citcuit, comprising:
an active oscillator having two output nodes;
an inductor loop coupled to the output nodes; and
at least one capacitive circuit coupled to one of the output nodes, said
capacitive circuit including a capacitor, a resistor, and a first switch, wherein said resistor
provides a bizf;fvoltage to the capacitor when the fitst switch is open and whetein said first
switch couples and decouples the capacitor to the output nodes of the active oscillatot, and
whetein the active oscillator and capacitive citcuit are included in 2 semiconductor package
which includes an integrated circuit chip, said inductor loop including:
fa)  firstand second conductors connecting a first bonding pad on the chip
to a first inpuf/ output pin of the package; and
(b)  atleast one of a third conductor and a foutth conductot connecting a
second bonding pad on the chip to a second input/output pin of the package, wherein the

first input/output pin and the second input/output pin have a unitary construction.
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39.  The oscillator circuit of claim 38, whetein the first, second, third, and fourth

conductors are bonding wites.

40.  An oscillator circuit, comprising:

an active oscillator having two output nodes;

an inductot loop coupled to the output nodes; and

at least one capacitive circuit coupled to one of the output nodes, said
capacitive citcuit including a capacitot, a resistor, and a first switch, whetein said resistor
provides a bias voltage to the capacitor when the first switch is open and wherein said first
switch couples and decouples the capacitor to the output nodes of the active oscillator, and
wherein the active oscillator and capacitive citcuit are included in a semiconductor package
which includes an integrated circuit chip, said inductor loop including:

(a)  ftirstand second conductors connecting a first bondi;é pad on the chip
to a first input/output pin of the package; |

(b)  atleast one of a third conductor and a fourth conductor connecting a
second bond_{ag pad on the chip to a second input/output pin of the package; and

(©) a fifth conductor which connects the first input/output pin to the

second input/output pin.

41. eiThe oscillator circuit of claim 40, whetein the fitst, second, third, and fourth

conductors ate bonding wites.

42.  The oscillator citcuit of claim 40, wherein the fifth conductor includes a

metallization layer with a substrate of the package.

43.  The oscillator citcuit of claim 42, wherein the metallization layer is on a surface

of the substrate.
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44.  The oscillator circuit of claim 42, whetein the metallization layer is included

in a sub-surface layer of the substrate.

45.  'The oscillator circuit of claim 40, wherein the fifth conductor includes at least

one bonding wite connecting the first input/output pin to the second input/output pin.

46.  The oscillator circuit of claim 45, whetein the fifth conductor includes at least

two bonding wires.

47.  The oscillator circuit of claim 40, whetein the first input/output pin and the

second input/output pin are adjacent pins.

48.  The oscillator circuit of claim 40, wherein the first input/output pin and the
second input/output pin are separated by at least a third input/output pin.

1
rk

49.  An oscillator circuit, comprising:

an active oscillatot having two outpu:c nodes;

an inductot loop coupled to the output nodes; and

at least one capacitive circuit coupled to one of the output nodes, said
capacitive circuit including a capacitor, a resistor, and a first switch, wherein said resistor
provides a bias voltage to the capacitor when the first switch is open and wherein said first
switch couples and decouples the capacitor to the output nodes of the active oscillator, and
whetein the active oscillator and capacitive circuit are included in a semiconductor package
which includes an integrated circuit chip, said inductor loop including:

(a)  firstand second conductors connecting a first bonding pad on the chip

to a first input/output pin of the package;

(b)  atleast one of a third conductor and a fourth conductor connecting a

second bonding pad on the chip to a second input/output pin of the package, wherein the

first input/output pin and the second input/output pin are adjacent and contact one anothet.
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50.  The oscillator citcuit of claim 49, whetein the first, second, third, and fourth

conductors are bonding wires.

51.  An oscillator circuit, compzising:

an active oscillator having two output nodes;

an inductot loop coupled to the output nodes; and

at least one capacitive circuit coupled to one of the oﬁfp;;lt nodes, said
capacitive circuit including a capacitor, a tesistor, and a first switch, wherein said resistor
provides a bias voltage to the capacitor when the first switch is open and wherein said first
switch couples and decouples the capacitor to the output nodes of the active oscillator, and
whetein the active oscillator and capacitive circuit atre included in a semiconductor package
which includes an integrated citcuit chip, said inductor loop including: f

(a)  firstand second conductors connecting a first bonding pad on the chip
to a first input/output pin of the package; and

(b)  atleast one of a third conductor and a fourth conductor connecting a
second bonding pad on the chip to a second input/output pin of the package, wherein the

first input/output pin and the second input/output pin have a unitary construction.

52.  The oscillator circuit of claim 51, whetein the first, second, third, and fourth

conductors are bonding wites.

~29-
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