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(57) ABSTRACT 

A method and apparatus for synthesizing high-frequency 
signals is disclosed that overcomes integration problem 
associated With prior implementations While meeting 
demanding phase noise and other impurity requirements. In 
one embodiment, on-package oscillator circuit inductors are 
provided for band selection purposes, With no external 
package connection to connect off-package or external 
inductors to on-package inductance circuits. Multiple pack 
age electrical connection points may also be provided on 
package to alloW for selection of alternate oscillator induc 
tance values during package assembly. 
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METHOD AND APPARATUS FOR SYNTHESIZING 
DUAL BAND HIGH-FREQUENCY SIGNALS FOR 

WIRELESS COMMUNICATIONS 

TECHNICAL FIELD OF THE INVENTION 

[0001] The present invention relates generally to the syn 
thesis of high-frequency signals. More particularly, the 
present invention relates to the synthesis of high-frequency 
local oscillator signals for Wireless communication applica 
tions. 

BACKGROUND 

[0002] Wireless communication systems typically require 
frequency synthesis in both the receive path circuitry and the 
transmit path circuitry. For example, cellular phone stan 
dards in the United States and Europe de?ne a cellular 
telephone system With communication centered in tWo fre 
quency bands at about 900 MHZ and 1800 MHZ. For 
example, United States cellular phone standards include (1) 
the AMPS (analog), IS-54 (analog/digital), and IS-95 (ana 
log/digital) standards in the 900 MHZ frequency band, and 
(2) PCS (digital) standards in the 1800 MHZ range. Euro 
pean cellular phone standards include (1) the TACS (analog) 
and GSM (digital) standards in the 900 MHZ frequency 
band, and (2) the DCS 1800 (digital) standard in the 1800 
MHZ range. A dual band cellular phone is capable of 
operating in both the 900 MHZ frequency band and the 1800 
MHZ frequency band. 

[0003] Within the frequency bands, the cellular standards 
de?ne systems in Which base station units and mobile units 
communicate through multiple channels, such as 30 kHZ 
(IS-54) or 200 kHZ (GSM) Wide channels. For example, 
With the IS-54 standard, approximately 800 channels are 
used for transmitting information from the base station to the 
mobile unit, and another approximately 800 channels are 
used for transmitting information from the mobile unit to the 
base station. A frequency band of 869 MHZ-894 MHZ and a 
frequency band of 824 MHZ-849 MHZ are reserved for these 
channels, respectively. Because the mobile unit must be 
capable of transmitting and receiving on any of the channels 
for the standard Within Which it is operating, a frequency 
synthesiZer must be provided to create accurate frequency 
signals in increments of the particular channel Widths, such 
as for example 30 kHZ increments in the 800-900 MHZ 
region. 
[0004] Phase-locked loop (“PLL”) circuits including volt 
age controlled oscillators (“VCOs”) are often used in mobile 
unit applications to produce the desired output frequency 
(fOUT). The output frequency may be made programmable 
by utiliZing an output frequency feedback divider (+N) and 
a reference divider (+R) for an input reference frequency 
(fREF). The output frequency produced is a function of the 
values selected for “N” and “R” in the divider circuits, such 
that fOUT=N(fREF/R). The PLL circuitry typically utiliZes a 
phase detector to monitor phase differences (A0) betWeen 
the divided reference frequency (fREF/R) and the divided 
output frequency (fOUT/N) to drive a charge pump. The 
charge pump delivers packets of charge proportional to the 
phase difference (A0) to a loop ?lter. The loop ?lter outputs 
a voltage that is connected to the VCO to control its output 
frequency. The action of this feedback loop attempts to drive 
the phase difference (A0) to Zero (or at least to a constant 
value) to provide a stable and programmable output fre 
quency. 
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[0005] The values for the reference frequency and the 
divider circuits may be chosen depending upon the standard 
under Which the mobile unit is operating. For example, 
Within the United States IS-54 system, a PLL could be built 
such that fREF/R=30 kHZ and such that N is on the order of 
30,000. The output frequency, therefore, could then be set in 
30 kHZ increments to frequencies in the 900 MHZ frequency 
band. Similarly, Within the European GSM system, a PLL 
could be built such that fREF/R=200 kHZ and such that N is 
on the order of 4,500. The output frequency, therefore, could 
then be set in 200 kHZ increments to frequencies in the 900 
MHZ frequency band. 

[0006] The performance of the communication system, 
hoWever, is critically dependent on the purity of the synthe 
siZed high-frequency output signals. For signal reception, 
impure frequency sources result in mixing of undesired 
channels into the desired channel signal. For signal trans 
mission, impure frequency sources create interference in 
neighboring channels. A frequency synthesiZer, therefore, 
must typically meet very stringent requirements for spectral 
purity. The level of spectral purity required in cellular 
telephone applications makes the design of a PLL synthe 
siZer solution and, in particular, the design of a VCO Within 
a PLL synthesiZer solution quite demanding. 

[0007] Three types of spectral impurity Will typically 
occur in VCO circuits that are used in PLL implementations 
for frequency synthesis: harmonic distortion terms associ 
ated With output frequency, spurious tones near the output 
frequency, and phase noise centered on the output frequency. 
Generally, harmonic distortion terms are not too trouble 
some because they occur far from the desired fundamental 
and their effects may be eliminated in cellular phone cir 
cuitry external to the frequency synthesiZer. Spurious tones, 
hoWever, often fall close to the fundamental. In particular, 
spurious tones at frequencies of :fREF/R from the output 
frequency (fOUT) are often found in the output frequency 
spectrum. These are called reference tones. Spurious tones, 
including reference tones, may be required by a cellular 
phone application to be less than about —70 dBc, While 
harmonic distortion terms may only be required to be less 
than about —20 dBc. It is noted that the “c” indicates the 
quantity as measured relative to the poWer of the “carrier” 
frequency, Which is the output frequency. 

[0008] Phase noise is undesired energy spread continu 
ously in the vicinity of the output frequency, invariably 
possessing a higher poWer density at frequencies closer to 
the fundamental of the output frequency. Phase noise is often 
expressed as dBc/\/HZ or dBc/HZ. Phase noise is often the 
most damaging of the three to the spectral purity of the 
output frequency. Because of the effect phase noise has on 
system performance, a typical cellular application might 
require the frequency synthesiZer to produce an output 
frequency having phase noise of less than about —110 
dBc/\/HZ at 100 kHZ from the output frequency. 

[0009] Because the phase noise speci?cations are so strin 
gent in cellular phone applications, the VCOs used in 
cellular phone PLL synthesiZer solutions are typically based 
on some resonant structure. Ceramic resonators and LC tank 
circuits are common examples. While details in the imple 
mentation of LC tank oscillators differ, the general resonant 
structure includes an inductor (L) connected in parallel With 
a ?xed capacitor (C) and a variable capacitor In the 
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absence of any losses, energy Would slosh between the 
capacitors and the inductor at a frequency fOUT (1/m)[L(C+ 
CQTIA. Because energy Will be dissipated in any real 
oscillator, poWer in the form of a negative conductance 
source, such as an ampli?er, is applied to maintain the 
oscillation. It is often the case that the series resistance of the 
inductor is the dominant loss mechanism in an LC tank 
oscillator, although other losses typically exist. 

[0010] Though the frequency synthesiZer may be gener 
ally contained Within an integrated circuit package, VCO 
inductors used for band selection purposes are “off-package” 
or circuit board-mounted, and connected With other pack 
age-contained PLL circuitry to form a frequency synthesiZer 
circuit by means of contacts or pin connections. Off-package 
inductors are often mounted on a circuit board by the board 
or PC manufacturer. The use of off-package or board 
mounted inductors increases system costs and connection 
problems may occur at pin connections betWeen the package 
and a board, adversely affecting reliability and/or perfor 
mance of the PLL circuitry. 

SUMMARY OF THE INVENTION 

[0011] In accordance With the present invention, a method 
and apparatus for synthesiZing high-frequency signals is 
disclosed that utiliZes on-package oscillator circuit inductors 
for band selection purposes, thus simplifying circuitry and 
reducing costs associated With assembly of PLL circuitry. In 
one embodiment, no external package connection (e.g., 
package connector pins, package substrate solder bumps, 
etc.) exists to connect off-package or external inductors 
(e. g., inductors on printed circuit boards, etc.) to on-package 
(or Within the package) band selection VCO inductance 
circuits. Advantageously, multiple package electrical con 
nection points may also be provided on-package to alloW for 
selection of alternate oscillator inductance values during 
package assembly. This increases manufacturing ?exibility 
by alloWing manufacture of PLL package circuitry having 
different hardWired inductance values, using the same pack 
age substrate components. 

[0012] Oscillator circuit inductors that may be provided 
on-package using the disclosed method and apparatus 
include inductors associated With oscillator circuits used to 
produce output frequencies for mixing With RF and/or IF 
signals. For example, one or more IF-mixing related induc 
tors of a frequency synthesiZer may be provided off-pack 
age, While one or more RF-mixing related inductors of the 
frequency synthesiZer may be provided on-package, and 
vice-versa. Furthermore, as many or as feW RF-mixing 
related and/or IF-mixing related inductors of frequency 
synthesiZer may be provided on-package as desired, advan 
tageously alloWing for provision of a frequency synthesiZer 
that may be Wholly contained in a single package, including 
all RF-mixing related and IF-mixing related inductors. Fur 
ther advantageously, the disclosed on-package frequency 
synthesiZer circuitry may be included With other on-package 
circuitry, for example, alloWing provision of a complete 
transceiver on-package. 

[0013] Using the disclosed method and apparatus, one or 
more on-package inductors may be provided for connection 
With one or more VCO circuits disposed in or Within an 
integrated circuit attached to a package substrate. In addi 
tion, alternative package substrate and/or integrated circuit 
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electrical connection points corresponding to one or more of 
such inductance circuits may be provided to alloW different 
electrical connection points to be selected during package 
assembly in order to achieve correspondingly different 
inductance values for connection With one or more of such 

VCO circuits. The inductance values may be varied in a 
number of Ways including, but not limited to, by varying the 
length, geometry (e.g., cross section, Winding, etc.) and/or 
material of a conductive feature that is included in a VCO 
circuit by virtue of package substrate and/or integrated 
circuit electrical connection points selected for connection 
during package assembly. Advantageously, provision of 
alternative inductance values for selectable inclusion in one 
or more VCO circuits may be used to alloW different 
induction values to be selected for different products utiliZ 
ing the same integrated circuit and/or package substrate, 
and/or to alloW VCO inductance values to be optimiZed on 
a component-by-component basis, e.g., based on individual 
package testing or on a product line basis based on optimi 
Zation during product testing. 

[0014] In one embodiment, provision for tWo or more 
different on-package VCO inductance values may be pro 
vided by incorporation of multiple electrical connection 
points on or Within a package substrate. During package 
assembly, one or more of the predetermined VCO induc 
tance values may be incorporated into a PLL circuit by 
connecting VCO integrated circuitry to the appropriate 
package substrate electrical connection points. In this 
regard, different inductance values may be provided by 
inductors incorporated on or Within a package substrate, 
and/or incorporated into electrical connections betWeen an 
integrated circuit and the selected package electrical con 
nection points. Selection of desired VCO inductance value 
may be made prior to assembly or during the assembly 
process. For example, package substrates may be provided 
With tWo or more alternative electrical connection points 
corresponding to different VCO inductance values that are 
envisioned for a product. These values may correspond to 
tWo or more possible VCO inductance values for a neW 
product, alloWing prototype circuitry to be manufactured 
having provision for different VCO inductance values for 
evaluation and testing purposes, before a decision is made 
on the desired VCO inductance value to be incorporated in 
?nal product circuitry. In such a case, prototype PLL circuits 
having different VCO inductance values and the ?nal prod 
uct may advantageously be manufactured using the same 
package substrate and integrated circuit design con?gura 
tion. 

[0015] Alternatively, tWo or more ?nal products With PLL 
circuitry having different VCO inductance values may be 
manufactured using the same package substrate by connect 
ing to appropriate alternative package electrical contacts to 
provide the desired VCO inductance value for each respec 
tive product. Further alternatively, VCO inductance values 
may be selected for inclusion in a PLL circuit on an 
individual package by package product basis during package 
assembly by connecting to different alternative package 
electrical contacts. For example, an appropriate VCO induc 
tance value for a PLL circuit in an individual package may 
be selected based on the individual characteristics of the 
circuitry in the particular package, e.g., based on testing 
during assembly. 
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[0016] The disclosed on-package band selection induc 
tance values may be advantageously employed With a vari 
ety of different PLL circuitry con?gurations, for example in 
one embodiment With a phase-locked loop (PLL) frequency 
synthesizer having a variable capacitance voltage controlled 
oscillator (VCO) that includes a discretely variable capaci 
tance in conjunction With a continuously variable capaci 
tance. In such a case, the discretely variable capacitance may 
provide coarse tuning adjustment of the variable capacitance 
to compensate for capacitor and inductor tolerances and to 
adjust the output frequency to be near the desired output 
frequency. The continuously variable capacitance may pro 
vide a ?ne tuning adjustment of the variable capacitance to 
focus the output frequency to match precisely the desired 
output frequency and to provide compensation for post 
calibration drift of the PLL circuitry. In such an embodi 
ment, the need for a traditional varactor implementation in 
the VCO and need for traditional large capacitor component 
in the loop ?lter are avoided, thereby providing a high 
frequency frequency synthesiZer that may be contained in a 
single package. 
[0017] In one respect, disclosed is a semiconductor pack 
age including: a package substrate having a ?rst surface; an 
integrated circuit electrically connected to the ?rst surface of 
the package substrate, the integrated circuit and the package 
substrate together forming the semiconductor package, the 
integrated circuit and package substrate including frequency 
synthesiZer circuitry; and at least one inductance circuit 
formed entirely Within the semiconductor package and 
formed at least partially betWeen the integrated circuit and 
the package substrate, the inductance circuit at least in part 
determining an output frequency for the frequency synthe 
siZer circuitry. 

[0018] In another respect, disclosed is a frequency syn 
thesiZer for generating output signals in at least one band of 
frequency, including: a package substrate having a plurality 
of substrate electrical contacts disposed on a ?rst surface 
thereof; and an integrated circuit structurally connected to 
the ?rst surface of the package substrate and having a 
plurality of integrated circuit electrical contacts disposed on 
a surface thereof. The integrated circuit and the package 
substrate together form the frequency synthesiZer including: 
a frequency circuit having an output frequency operable 
Within at least one frequency band; and a controlled oscil 
lator circuit Within the phase locked loop circuit, the con 
trolled oscillator circuit being operable Within the at least 
one frequency band and the output frequency being depen 
dent upon the controlled oscillator circuit; Wherein the 
controlled oscillator circuit has at least one inductance 
circuit formed at least partially betWeen the integrated 
circuit and the package substrate, the inductance circuit 
being electrically connected to an on-package inductor hav 
ing an inductance value, the at least one inductance circuit 
alloWing the controlled oscillator circuit to be operable in 
the at least one frequency band. 

[0019] In another respect, disclosed is a method of assem 
bling a semiconductor package, including: 1) providing a 
package substrate having a plurality of substrate electrical 
contacts disposed on a ?rst surface thereof; 2) providing an 
integrated circuit electrically connected to the ?rst surface of 
the package substrate, the integrated circuit and the package 
substrate together forming the semiconductor package, the 
integrated circuit and package substrate including frequency 
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synthesiZer circuitry, the package substrate being provided 
With at least one substrate electrical contact to provide an 
electrical connection point during package assembly for at 
least one or both of a ?rst conductive feature and a second 
conductive feature of a frequency synthesiZer inductance 
circuit formed entirely Within the semiconductor package; 
and 3) electrically connecting at least one or both of the ?rst 
and second conductive features to the at least one electrical 
contact to form the frequency synthesiZer inductance circuit, 
the inductance circuit at least in part determining an output 
frequency for the frequency synthesiZer package. 
[0020] In yet another respect, disclosed is a method of 
assembling a semiconductor package, including: providing a 
package substrate having a plurality of substrate electrical 
contacts disposed on a ?rst surface thereof; providing an 
integrated circuit electrically connected to the ?rst surface of 
the package substrate, the integrated circuit and the package 
substrate together forming the semiconductor package, the 
integrated circuit and package substrate including frequency 
synthesiZer circuitry, the package substrate being provided 
With at least tWo alternative substrate electrical contacts to 
provide alternate electrical connection points during pack 
age assembly for at least one or both of a ?rst conductive 
feature and a second conductive feature of a frequency 
synthesiZer inductance circuit formed entirely Within the 
semiconductor package, the inductance value of the fre 
quency synthesiZer inductance circuit being dependent on 
the identity of the alternative substrate electrical contact 
selected for connection With at least one or both of the ?rst 
and second conductive features. The method also includes 
selecting at least one of the alternative substrate electrical 
contacts; and electrically connecting at least one or both of 
the ?rst and second conductive features to the selected 
alternative substrate electrical contact to form the frequency 
synthesiZer inductance circuit, the inductance circuit at least 
in part determining an output frequency for the frequency 
synthesiZer package. 

DESCRIPTION OF THE DRAWINGS 

[0021] It is noted that the appended draWings illustrate 
only eXemplary embodiments of the invention and are, 
therefore, not to be considered limiting of its scope, for the 
invention may admit to other equally effective embodi 
ments. 

[0022] FIG. 1A is a simpli?ed cross sectional vieW of a 
semiconductor package including an integrated circuit die 
contained Within the package. 

[0023] FIG. 1B is a simpli?ed cross sectional vieW of a 
semiconductor package including an integrated circuit die 
contained Within the package. 

[0024] FIG. 1C is a block diagram of receive path cir 
cuitry for a Wireless communication device, such as a mobile 
unit in a cellular phone system. 

[0025] FIG. 2 is a block diagram of phase-locked loop 
(PLL) circuitry for synthesiZing frequencies required by the 
frequency synthesiZer in FIG. 1C. 
[0026] FIG. 3 depicts a general circuit diagram of a digital 
and analog VCO implementation according to one embodi 
ment of the present invention. 

[0027] FIG. 4 is a block diagram of a frequency synthe 
siZer that takes advantage of a digital and analog VCO 
implementation according to one embodiment of the present 
invention. 
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[0028] FIG. 5A is a simpli?ed overhead vieW of a fre 
quency synthesizer package having package substrate induc 
tor circuit bonding pads and tWo induction loop circuits 
according to one embodiment of the present invention. 

[0029] FIG. 5B is a simpli?ed overhead vieW of a fre 
quency synthesiZer package having alternative package sub 
strate inductor circuit bonding pads and tWo induction loop 
circuits according to one embodiment of the present inven 
tion. 

[0030] FIG. 6 is a simpli?ed overhead vieW of a frequency 
synthesiZer package having alternative package substrate 
inductor circuit bonding pads and tWo induction loop cir 
cuits according to one embodiment of the present invention. 

[0031] FIG. 7A is a simpli?ed overhead vieW of a fre 
quency synthesiZer package having package substrate induc 
tor circuit bonding pads and tWo induction loop circuits 
according to one embodiment of the present invention. 

[0032] FIG. 7B is a simpli?ed partial electrical schematic 
of one of the induction loop circuits of FIG. 7A. 

[0033] FIG. 8 is a simpli?ed cross sectional vieW of a 
frequency synthesiZer package having alternative package 
substrate inductor circuit bonding pads and multiple induc 
tion loop circuits according to one embodiment of the 
present invention. 

[0034] FIG. 9 is a simpli?ed cross sectional vieW of a 
frequency synthesiZer package having alternative package 
substrate inductor circuit bonding pads and multiple induc 
tion loop circuits according to one embodiment of the 
present invention. 

[0035] FIG. 10 is a simpli?ed cross sectional vieW of a 
frequency synthesiZer package having alternative package 
substrate inductor circuit bonding pads and multiple induc 
tion loop circuits according to one embodiment of the 
present invention. 

[0036] FIG. 11 is a simpli?ed cross sectional vieW of a 
frequency synthesiZer package having alternative package 
substrate inductor circuit bonding pads and multiple induc 
tion loop circuits according to one embodiment of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0037] The present invention contemplates a method and 
apparatus for synthesiZing high-frequency signals by imple 
menting a phase-locked loop (PLL) frequency synthesiZer 
With at least one oscillator circuit having on-package band 
selection inductor/s. As used herein , “on package” means a 
particular component is mounted or otherWise disposed 
Within or on a semiconductor package that includes an 
integrated circuit die mounted or otherWise structurally 
contained Within the package. In this regard, an integrated 
circuit may be electrically connected Within the package to 
a lead frame or other package substrate suitable for electri 
cally connecting the integrated circuit to external package 
connectors including, but not limited to, pin connectors, lead 
connectors, solder bumps, etc. “Off package” means that a 
particular component is not mounted or otherWise disposed 
Within such a semiconductor package, but rather is mounted 
or disposed separate from the package (e.g., on a printed 
circuit board). Examples of semiconductor packages 
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include, but are not limited to, package types knoWn in the 
art such as those illustrated in FIGS. 1A and 1B and 
described beloW. 

[0038] FIG. 1A illustrates an integrated circuit 10 struc 
turally contained Within a package 12 that includes an 
encapsulant molding 14 surrounding integrated circuit 10 
and conductive package substrate 16. Package substrate 16 
of FIG. 1A may be, for example, a leadframe structure. 
Wirebonds 20 are shoWn electrically connecting integrated 
circuit 10 to conductive package substrate 16. External 
“gullWing” package leads 18 are shoWn electrically con 
nected to conductive package substrate 16 and extending 
from the periphery of encapsulant molding 14 for electrical 
connection to off-package components contained, for 
example, on a printed circuit board (not shoWn). FIG. 1B 
illustrates an integrated circuit 10 and conductive package 
substrate 16 structurally contained Within a package 12 that 
includes an upper package molding 14 (e.g., encapsulant 
molding) and package carrier 18 (e.g., ceramic chip carrier). 
Wirebonds 20 are shoWn electrically connecting integrated 
circuit 10 to conductive package substrate 16. External 
package solder bumps 22 electrically connected to conduc 
tive package substrate 16 are shoWn extending from the 
periphery of package carrier 18 for electrical connection to 
off-package components contained, for example, on a 
printed circuit board (not shoWn). It Will be understood With 
bene?t of this disclosure that the package types illustrated in 
FIGS. 1A and 1B are exemplary only, and that bene?ts of 
the disclosed method and apparatus may be realiZed With 
other package types knoWn in the art, for example, package 
types utiliZing ?ip chip technology. 

[0039] FIG. 1C is a block diagram of receive path cir 
cuitry 150 for a Wireless communication device, such as a 
mobile unit in a cellular phone system. An incoming signal 
is received by the antenna 108, ?ltered by a band-pass ?lter 
110, and ampli?ed by a loW noise ampli?er 112. This 
received signal is typically a radio-frequency (RF) signal, 
for example a 900 MHZ or 1800 MHZ signal. This RF signal 
is usually mixed doWn to a desired intermediate frequency 
(IF) before being mixed doWn to baseband. Using a refer 
ence frequency (fREF) 106 from a crystal oscillator 105, 
frequency synthesiZer 100 provides an RF mixing signal 
(RFOUT) 102 to mixer 114. Mixer 114 combines this RFOUT 
signal 102 With the ?ltered and ampli?ed input signal (RFIN) 
113 to produce a signal 115 that has tWo frequency compo 
nents represented by |RFIN+RFOUT| and |RFIN—RFOUT|. The 
signal at the latter of these tWo is selected by band-pass ?lter 
116 to provide an IF signal 117. This IF signal 117 is then 
ampli?ed by variable gain ampli?er 118 before being mixed 
doWn to baseband by mixers 122 and 124. 

[0040] Signal processing in mobile phones is typically 
conducted at baseband using in-phase (I) and quadrature (Q) 
signals. The Q signal is offset from the I signal by a phase 
shift of 90 degrees. To provide these tWo signals, an IF 
mixing signal (IFOUT) 104 and a dual divide-by-tWo and 
quadrature shift block (+2/90°) 120 may be utiliZed. Fre 
quency synthesiZer 100 generates an IFOUT signal 104, for 
example at about 500 MHZ, that is divided by 2 in block 120 
to provide IFOUT/Z mixing signals 119 and 121. Block 120 
delays the signal 121 to mixer 122 by 90 degrees With 
respect to the signal 119 to mixer 124. Block 120 may be 
implemented With tWo ?ip-?op circuits operating off of 
opposite edges of the IFOUT signal 104, such that the output 
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of the ?ip-?ops are half the frequency of the IFOUT signal 
104, and are 90 degrees offset from each other. The resulting 
output signals 123 and 125 have tWo frequency components 
represented by |IF+IFOUT/2| and |IF—IFOUT/2|. The latter 
frequency component is the desired one and is typically 
selected such that the baseband signal is centered at DC (f=0 
HZ). Assuming the baseband frequency is centered at DC, 
the |IF—IFOUT/2| signal is selected using loW-pass ?lters 126 
and 128. The resulting baseband signal 123 is the Q signal, 
and the resulting baseband signal 125 is the I signal. These 
signals 123 and 125 may be further processed at baseband by 
processing block 130 and provided to the rest of the mobile 
phone circuitry as I and Q signals 131 and 132. 

[0041] FIG. 2 is a block diagram of phase-locked loop 
(PLL) circuitry 200 for synthesiZing one of the frequencies 
required by frequency synthesiZer 100. A second PLL 200 
may be implemented to provide the second frequency. The 
reference frequency (fREF) 106 is received by a divide-by-R 
(+R) counter 204, and the output frequency (fOUT) 102 is 
received by a divide-by-N (+N) counter 214. The resulting 
divided signals (f¢R) 216 and 218 are received by a 
phase detector (PD) 206. The PD 206 determines the phase 
difference (A0) betWeen the phase (04,11) of the divided signal 
216 and the phase (04W) of the divided signal 218. The PD 
206 uses this phase difference (A0) to drive a charge pump 
(CP) 208. The CP 208 provides a voltage output that is 
?ltered by a loop ?lter 210 to provide a voltage control (Vc) 
signal 220. The Vc signal 220 controls the output frequency 
(fOUT) 102 of a voltage controlled oscillator (VCO) 212. The 
values for N and R may be selected to provide a desired 
output frequency such that fOUT=N (fREF/R). For a typical 
mobile phone application, the IFOUT frequency 104 Will 
remain constant, While the RFOUT frequency 102 Will 
change depending upon the channel of the incoming signal. 
Thus, a ?rst PLL may be used to provide the IFOUT 
frequency 104, and its N and R values may be programmed 
once and then left alone. A second PLL may be used to 
provide the RFOUT frequency 102, and its N and R values 
may be selectively programmed to provide the desired 
RFOUT signal 102. If desired, the R value for this second PLL 
may be programmed once and left alone, While the N value 
may be used to select the desired RFOUT signal 102. 

[0042] The transmit path circuitry (not shoWn) for a Wire 
less communication device, such as a mobile unit in a 
cellular phone system, may include circuitry to move the 
outgoing signal from baseband to an RF transmission fre 
quency. A transmit frequency band for cellular phone sys 
tems typically includes the identical number of channels as 
included Within the receive frequency band. The transmit 
channels, hoWever, are shifted from the receive channels by 
a ?xed frequency amount. In such a system, a cellular phone 
application may utiliZe the RF mixing signal (RFOUT) 102 
synthesiZed by the frequency synthesiZer 100 for a given 
channel in both the receive path and the transmit path 
circuitry. For example, if the frequency synthesiZer 100 has 
been designed as part of the receive path circuitry 150, the 
RF mixing signal (RFOUT) 102 for a given channel Within 
the receive frequency band may be shifted by the ?xed 
frequency amount to provide a desired RF mixing signal to 
the transmit path circuitry. Alternatively, the frequency 
synthesiZer 100 may be designed as part of the transmit path 
circuitry, or tWo separate frequency synthesiZers 100 may be 
utiliZed. 
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[0043] In many cases, it is desirable for the PLL circuitry 
200 to be integrated onto a single chip. For example, a 
frequency synthesis design that is capable of full integration 
While still providing high ?delity high-frequency signals 
may be provided as described in US. patent application Ser. 
No. 09/087,649 ?led May 29, 1998, and incorporated herein 
by reference. FIG. 3 depicts a general circuit diagram of a 
VCO 400 according to such a design. The VCO 400 pro 
duces an output frequency (fOUT) 102 using an LC tank 
oscillator having an external inductor (LEXT) 302, that may 
be replaced With the on-package inductors of the disclosed 
method and apparatus. The external capacitor (CEXT) 304 
represents any desired externally connected capacitance and 
the parasitic capacitance of the semiconductor device leads. 
A variable capacitance (CQ 401 is achieved With a dis 
cretely variable capacitance (CD) 402 in conjunction With a 
continuously variable capacitance (C A) 406. The discretely 
variable capacitance (CD) 402 may be controlled by a digital 
control Word (BC) 404, and the continuously variable 
capacitance (C A) 406 may be controlled by a voltage control 
signal (Vc) 408. It is noted that the digital control Word (BC) 
404 and the voltage control signal (Vc) 408 may be a single 
signal or a plurality of signals, as desired, depending upon 
the implementation for the discretely variable capacitance 
(CD) 402 and the continuously variable capacitance (C A) 
406. A ?xed capacitance (CF) 410 represents internal para 
sitic capacitance along With any desired ?xed capacitance 
connected internally to the integrated circuit. A negative 
conductance source (—G) 314 is also provided to take care of 
losses in the VCO 400. 

[0044] In operation, the discretely variable capacitance 
(CD) 402 of FIG. 3 may be used after manufacture to 
dynamically compensate for any component tolerance prob 
lems including all of the internal capacitance values, any 
external capacitor (CEXT) 304, and the on-package inductor 
corresponding to (LEXT) 302. In addition, the discretely 
variable capacitance (CD) 402 may be used to provide coarse 
tuning of the desired output frequency, thereby reducing the 
frequency range that must be covered by variations in the 
capacitance of the continuously variable capacitance (C A) 
406. After coarse tuning by the discretely variable capaci 
tance (CD) 402, the continuously variable capacitance (C A) 
406 may be used to provide ?ne tuning of the desired output 
frequency. This coarse and ?ne tuning initially calibrates the 
output frequency (fOUT) 102 to the desired output frequency. 
After the initial calibration, the continuously variable 
capacitance (C A) 406 may be used to compensate for any 
post-calibration frequency drift. Such post-calibration fre 
quency drift Will typically occur due to a variety of factors, 
including for example temperature variations. In this Way, a 
high-frequency PLL frequency synthesiZer may be provided 
that produces an output frequency having phase noise of less 
than about —110 dBc/\/HZ at 100 kHZ from the output 
frequency. 
[0045] An example Will noW be provided for the coarse 
and ?ne tuning that may be provided by a VCO 400 of FIG. 
3. As described above, the United States IS-54 standard 
utiliZes on the order of eight hundred 30 kHZ Wide channels 
in a frequency band of 869 MHZ-894 MHZ for transmitting 
information from a base station to a mobile unit. One receive 
channel may be for example at 870.03 MHZ. Assuming that 
a cellular phone application has been designed to have an IF 
frequency of 250 MHZ, the RF mixing frequency that must 
be synthesiZed by the frequency synthesiZer for this channel 
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Would need to be 1120.03 MHZ. (It is noted that for the 900 
MHZ frequency band, the RF mixing frequency utilized is 
typically above the channel frequency, although an RF 
mixing frequency beloW the channel frequency may also be 
used.) The discretely variable capacitance (CD) 402 may be 
designed to coarsely tune the RF output frequency of the 
frequency synthesiZer to about 0.1% of the desired fre 
quency of 1120.03 MHZ or to Within about 1 MHZ. The 
continuously variable capacitance (C A) 406 may be 
designed to provide a frequency range of about 1% of the 
desired frequency of 1120.03 MHZ or a range of about 11 
MHZ, Which is about 10 times the coarse tuning accuracy of 
the discretely variable capacitance (CD) 402. This frequency 
range alloWs the continuously variable capacitance (CA) 
406 to ?nely tune the RF output frequency of the frequency 
synthesiZer to the desired frequency of 1120.03 MHZ and to 
compensate for post-calibration frequency drift. The initial 
voltage input values for the continuously variable capaci 
tance (C A) 406 may be selected so that the continuously 
variable capacitance (CA) 406 may move the RF output 
frequency either up or doWn by roughly the same amount. 

[0046] FIG. 4 is a block diagram of a frequency synthe 
siZer 500 that takes advantage of a digital and analog VCO, 
such as VCO 400 of FIG. 3. The input reference frequency 
(fREF) 106 is received by the divide-by-R (+R) counter 204. 
The output frequency (fOUT) 102 is received by the divide 
by-N (+N) counter 214. The discrete control block 502 
receives the divided output frequency (fOUT ) 218 and the 
divided reference frequency (fREF/R) 216, and the discrete 
control block 502 outputs a digital control Word (BC) to the 
digital and analog VCO 400. The phase detector (PD) 206 
compares the phase difference betWeen the divided output 
frequency (fOUT/N) 218 and the divided reference frequency 
(fREF/R) 216 and provides signals to the charge pump (CP) 
208 that depends upon this phase difference. The output of 
the charge pump (CP) 208 is ?ltered by the loop ?lter (LF) 
210 to provide a ?rst control voltage node 508. Initial 
voltage generator block (VINIT) 504 provides a second 
control voltage node 510. A sWitch (SW) 512 alloWs for 
selection of control voltage node 510 as the voltage node to 
be provided to the voltage control (Vc) input 408 to the 
digital and analog controlled VCO 400. 

[0047] When PLL 500 initiates, control of the output 
frequency (fOUT) 102 lies With discrete control block 502. 
The sWitch 512 selects the initial voltage node 510 as the 
voltage control for the voltage control (Vc) input 408. The 
voltage control (Vc) is used as the control voltage for the 
continuously variable capacitance (C A) 406 Within the digi 
tal and analog controlled VCO 400. In addition to providing 
a voltage input to the voltage control (Vc) input 408, this 
connection also charges the capacitors Within the loop ?lter 
(LF) 210 to an initial voltage value. The discrete control 
block 502 includes digital logic that Will determine through 
a desired procedure hoW to adjust the discretely variable 
capacitance (CD) 402 to coarsely tune the output frequency 
(fOUT) 102. This determination may depend for eXample 
upon a comparison of the reference frequency (fREF) 106 to 
the output frequency (fOUT) 102 or a comparison of the 
divided reference frequency (fREF/R) 216 to the divided 
output frequency (fOUT/N) 218. Depending upon the deter 
mination made, the discrete control block 502 may adjust the 
digital control Word (BC) 404. The digital control Word (BC) 
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404 is used to provide control signals to the discretely 
variable capacitance (CD) 402 Within the digital and analog 
controlled VCO 400. 

[0048] Once the discrete control block 502 completes its 
coarse tuning procedure, the discrete control block 502 may 
?X the digital control Word (BC) 404 and then assert the 
START signal 506 to change sWitch (SW) 512 so that it 
deselects the control node 510. At this point, the control 
voltage node 508 supplies the voltage to the control voltage 
(Vc) node 408. The divide-by-R (+R) and divide-by-N (+N) 
counters 204 and 214 are reset With the Zero-phase restart 
(ZPR) signal 505. The Zero-phase restart (ZPR) signal 505 
presets the counters Within the divide-by-R (+R) and divide 
by-N (+N) counters 204 and 214 so that the initial phase 
error is as small as possible When the ?rst analog loop 
becomes operable. From this point, the output frequency 
(fOUT) 102 is ?ne tuned by the continuously variable capaci 
tance (C A) 406 through operation of phase detector (PD) 
206, the charge pump (CP) 208 and the loop ?lter (LF) 210. 
If desired, the discrete control 502 may continue to monitor 
the output frequency (fOUT) 102. If too great of an error is 
detected, discrete control 502 may move the sWitch (SW) 
512 back to select initial control node 510 and again modify 
the digital control Word (BC) 404 based upon a desired 
procedure. 

[0049] In the circuit of FIG. 4, therefore, only one control 
loop, either digital or analog, is tuning the output frequency 
(fOUT) 102 at any given moment. Initially, When the output 
frequency (fOUT) 102 is likely far from the desired fre 
quency, the digital control loop is operable and the output 
frequency(fOUT) 102 is modi?ed by the digital control Word 
(BC) 404 provided by the discrete control block 502. When 
the discrete control block 502 completes its coarse tuning 
procedure, the discrete control block 502 may assert the 
START signal 506, thereby starting the action of the analog 
loop by setting the sWitch (SW) 512 to deselect the initial 
voltage generator block (VINIT) 504 and pass control to the 
voltage control node 508. At this point, the analog loop 
begins ?ne tuning the output frequency (fOUT) 102 until a 
stable output frequency is reached. To alloW the continu 
ously variable capacitance (C A) 406 Within the analog loop 
to move the output frequency (fOUT) 102 either faster or 
sloWer in roughly equal amounts, the voltage value provided 
by the initial voltage generator block (VINIT) 504 may be 
selected to be Within the middle of the voltage range that 
may be provided by the control voltage node 508 from the 
loop ?lter (LF) 210. It is also noted that if desired, a 
frequency synthesiZer embodiment of FIG. 4 may be imple 
mented in Which both the digital and analog control loops 
are active at the same time. 

[0050] The techniques discussed above have been shoWn 
With reference to a frequency synthesiZer in Which the ?ne 
tuning analog control is accomplished With standard PLL 
components. For eXample With reference to FIG. 5, a phase 
detector 206, a charge pump 208, and a loop ?lter 210 may 
be used to provide the voltage control for a voltage con 
trolled oscillator. HoWever, in order to more easily integrate 
the PLL Within a single integrated circuit, alternative PLL 
designs may be utiliZed. The use of multiple analog inputs 
to perform the ?ne control of the VCO may be seen With 
reference to FIG. 4. As discussed above With reference to 
FIG. 4, the ?ne analog control of the VCO 400 may be 
achieved through the use of the continuously variable 
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capacitance (C A) 406. As shown in FIG. 4, the continuously 
variable capacitance (C A) 406 is controlled by the voltage 
control signal (Vc) 408. 

[0051] FIG. 5A shoWs one embodiment of a portion of a 
frequency synthesizer package 3000 that includes an inte 
grated circuit 3100 mounted on or otherWise electrically 
connected to a package substrate 3200. The exemplary 
package substrate 3200 shoWn in FIG. 5A is a ceramic 
package substrate having an upper layer of metalliZation for 
electrical connections, such as illustrated substrate bonding 
pads 3202 and 3204. Examples of suitable ceramic package 
substrates include, but are not limited to, ceramic package 
substrates available from Kyocera, NTK, CTS, etc. HoW 
ever, other types of package substrates and/or connection 
methods may be used Within a package. In this regard, a 
package substrate may be electrically connected to an inte 
grated circuit using any attachment method/s knoWn in the 
art suitable for forming semiconductor packages With inte 
grated circuit dies (e.g., Wire bonds, solder bumps, etc.). 
Examples of suitable package types include, but are not 
limited to, lead frame packages, ball grid array (BGA) 
packages (including BGA packages fabricated using tape 
automated bonding (TAB process and ?exible circuitry)); 
pin grid array packages (PGA); thin small outline packages 
(TSOP); small outline J -lead packages (50]); small outline 
packages (SOP); chip scale packages (CSP), etc. 

[0052] In FIG. 5A, a plurality of package substrate I/O 
electrical bonding pads 3202 are provided on package 
substrate 3200 for input/output electrical connection With 
one or more circuits contained Within integrated circuit 
3100. Within package substrate 3200, provision is made for 
electrical connection of substrate I/O bonding pads 3202 to 
off-package circuitry (not shoWn), such as a printed circuit 
board. Examples of such provisions for connection include, 
but are not limited to, external package leads disposed on the 
periphery of substrate 3200, electrically conductive vias (not 
shoWn) connected to package I/O bonding pads 3202 and 
extending through to substrate solder bump connections 
provided on the opposite side of package 3000, etc. In the 
exemplary embodiment shoWn, Wire bonds 3103 are shoWn 
for electrically connecting substrate I/O bonding pads 3202 
to integrated circuit bonding pads 3102. 

[0053] Also shoWn in FIG. 5A are package substrate 
inductor circuit bonding pads 3204, to Which connection to 
VCO circuitry contained Within or on integrated circuit 3100 
is made by loop inductor circuit Wire bonds 3206. In the 
exemplary embodiment shoWn, tWo on-package induction 
loop circuits 3208 and 3210 are shoWn, each formed by 
connection of tWo inductor circuit Wire bonds 3206 from 
integrated circuit 3100 to a respective single substrate induc 
tor circuit bonding pad 3204. In this regard, each inductor 
circuit Wire bond 3206 extends from a substrate inductor 
circuit bonding pad 3204 to a respective integrated circuit 
inductor circuit bonding pad 3104, and has a length de?ned 
by the distance betWeen the connected substrate inductor 
circuit bonding pad 3204 and integrated circuit inductor 
circuit bonding pad 3104. Although metalliZed ceramic 
substrate 3200 is illustrated in FIG. 5A, it Will be understood 
that induction loop bonds may be formed in a similar manner 
using other types of package substrates, for example, by 
connection of tWo inductor circuit Wire bonds 3206 to a 
single common bond ?nger of a lead frame package sub 
strate. Such a bond ?nger may extend as a no connect 
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(“NC”) pin outside of the package encapsulant, and may be 
left ?oating on the PC board, hoWever because the inductor 
loop is closed Within the package the inductor is still formed 
on-package. 

[0054] In one exemplary embodiment, induction loop cir 
cuits 3208 and 3210 may be employed as on-package 
inductors, for example replacing (LOUT) 302 in VCO 400 
of FIG. 3. In this capacity, one or more LC tank oscillator 
circuits may be used in a frequency synthesiZer used to 
produce an output frequency (fOUT) for mixing With one or 
more RF signals (e.g., 900 MHZ or 1800 MHZ signals), as 
described in relation to the circuitry of FIGS. 1-4. For 
example, in one exemplary embodiment induction loop 
circuits 3208 and 3210 may be provided for band selection 
purposes, With one loop corresponding to an LC tank 
oscillator circuit used in a frequency synthesiZer used to 
produce an output frequency (fOUT) for mixing With an RF 
signal of 900 MHZ and the other loop corresponding to an 
LC tank oscillator circuit used in a frequency synthesiZer 
used to produce an output frequency (fOUT) for mixing With 
an RF signal of 1800 MHZ. These signal frequencies are 
exemplary only, and it Will be understood by those of skill 
in the art With bene?t of this disclosure that the method and 
apparatus disclosed herein may be employed in the produc 
tion of signals having virtually any frequency desired, 
and/or for mixing With either RF or IE signals. 

[0055] For example, in another embodiment, one or more 
induction loop circuits may be similarly employed in oscil 
lator circuits used to produce output frequencies for mixing 
with IE signals, so that either or both types of inductors (i.e., 
RF-mixing related and IF-mixing related inductors) of a 
frequency synthesiZer may be contained on-package. In this 
regard, one or more IF-mixing related inductors of a fre 
quency synthesiZer may be provided off-package, While one 
or more RF-mixing related inductors of the frequency syn 
thesiZer are provided on-package, and vice-versa. Thus, 
using the disclosed method and apparatus, it is possible to 
include as many or as feW RF-mixing related and/or IF 
mixing related inductors of frequency synthesiZer on-pack 
age as desired, advantageously alloWing for provision of a 
frequency synthesiZer that may be Wholly contained in a 
single package, including all RF-mixing related and IF 
mixing related inductors. 

[0056] On-package induction loop circuits 3208 and 3210 
may, for example, have different inductance values and be 
used to form tWo selectable on-package inductors for a 
single LC tank oscillator circuit that may be alternatively 
selected for inclusion in the LC tank oscillator circuit, for 
example, by sWitching circuitry present Within integrated 
circuit 3100. Alternatively, on-package induction loop cir 
cuits 3208 and 3210 may be used to form separate on 
package inductors for tWo respective and separate LC tank 
oscillator circuits having different inductance values. 
Although FIG. 5A illustrates the formation of tWo on 
package induction loop circuits, it Will be understood With 
the bene?t of this disclosure that one induction loop or more 
than tWo induction loop circuits may be provided for in a 
similar manner, by providing an appropriate number of 
substrate inductor circuit bonding pads 3204 and inductor 
circuit Wire bonds 3206. Once again, each provided induc 
tion loop circuit may be connected to a separate respective 
LC tank oscillator circuit, or may form one of a plurality of 
sWitchable inductance circuits connected to a single LC tank 
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oscillator circuit. In either case, induction loop circuits 3208 
and 3210 may provide differing inductance values depen 
dent, for example, at least partially on the length of inductor 
circuit Wire bonds 3206 extending from integrated circuit 
inductor bonding pads 3104 to substrate inductor circuit 
bonding pads 3204. 

[0057] Further contemplated in the present disclosure is 
the provision of multiple alternative package electrical con 
nection points to provide for selection of alternative band 
selection inductance values during assembly of PLL oscil 
lator circuits. In one embodiment, the disclosed method and 
apparatus may be incorporated into a variable capacitance 
voltage controlled oscillator (VCO) that includes a dis 
cretely variable capacitance in conjunction With a continu 
ously variable capacitance. The frequencies synthesiZed by 
the present invention may be used in receive and transmit 
path circuitry for Wireless communication devices. 

[0058] FIG. 5B shoWs a set of three alternative substrate 
inductor circuit bonding pads 3204 formed on package 
substrate 3200 corresponding to each of induction loop 
circuits 3208 and 3210. The provision of multiple substrate 
inductor circuit bonding pads 3204 corresponding to a given 
induction loop circuit alloWs for selection of one of several 
alternative or selectable inductance values for inclusion in a 
given induction loop circuit, for example, during package 
assembly. Although three alternative substrate inductor cir 
cuit bonding pads 3204 are shoWn provided for each induc 
tion loop circuit in FIG. 5B, it Will be understood With the 
bene?t of this disclosure that it is also possible that tWo or 
four or more alternative inductor circuit bonding pads 3204 
may be provided to correspond to each induction loop circuit 
When it is desirable to provide a selectable inductance 
option. Furthermore, it Will be understood that as feW as one 
induction loop circuit, or more than tWo induction loop 
circuits, may be similarly provided on a package substrate 
3200 in a manner similar to illustrated induction loop 
circuits 3208 and 3210. 

[0059] As previously mentioned, in the embodiments 
illustrated in FIG. 5A and 5B, inductance value of each of 
inductance loop circuits 3208 and 3210 may depend in part 
on the length of inductor circuit Wire bonds 3206. As may be 
seen in FIGS. 5A and 5B, the inductor circuit Wire bonds 
3206 utiliZed in induction loop circuit 3208 are relatively 
shorter in length than the inductor circuit Wire bonds utiliZed 
in induction loop circuit 3210. In FIG. 5B, this length 
difference is accommodated by the provision of alternative 
substrate inductor circuit bonding pads 3204 spaced at 
varying distances from the respective integrated circuit 
inductor circuit bonding pads 3104 corresponding to each 
respective induction loop circuit. In addition to variation in 
length of inductor circuit Wire bonds 3206, it Will be 
understood With bene?t of this disclosure by those of skill in 
the art that variable or selectable inductance capability may 
also be provided by provision of differing geometry and/or 
materials for substrate inductor circuit bonding pads 3204 
and/or inductor circuit Wire bonds 3206. It Will also be 
understood that differing numbers of inductor circuit bond 
ing pads, and/or differing intervals betWeen substrate induc 
tor circuit bonding pads, may be provided for each respec 
tive induction loop circuit. 

[0060] With the provision of multiple alternative inductor 
circuit substrate bonding pads 3204, selection of a desired 
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inductance value may be made by connecting appropriate 
substrate inductor circuit bonding pad/s 3204 to a respective 
integrated circuit inductor circuit bonding pad 3104 corre 
sponding to the induction loop circuit of interest. For 
example, FIG. 6 illustrates frequency synthesiZer package 
3000 having a different selected induction loop circuit 
connection con?guration to that shoWn in FIG. 5B, that is in 
this case inductor circuit Wire bonds 3206 are connected to 
the most inboard of the substrate inductor circuit bonding 
pads 3204 for each of induction loop circuits 3208 and 3210. 

[0061] Advantageously, selection of inductance value/s 
using alternative substrate inductor circuit bonding pads 
may be made during package assembly in one of a number 
of different circumstances. For example, as previously 
described, a frequency synthesiZer package may be provided 
With a number of alternative substrate inductor circuit bond 
ing pads corresponding to alternative inductance values that 
are anticipated, but yet to be ?naliZed, for a ?nal product. In 
this Way, prototype frequency synthesiZer packages may be 
manufactured With the inductance value then selected during 
production after testing of the prototypes, in order to opti 
miZe product performance. The values found desirable dur 
ing prototype testing may then determine Which inductor 
bonding pads 3204 are utiliZed during high volume manu 
facturing. Alternatively, testing may be carried out on indi 
vidual lots of semiconductor Wafers, individual semicon 
ductor Wafers, or on individual packages. Inductance values 
may then be changed or varied on a lot-by-lot basis, Wafer 
by-Wafer basis, or package-by-package basis, respectively, 
based on the testing of each individual grouping. Further 
alternatively, a single frequency synthesiZer package design 
may include alternative substrate inductor circuit bonding 
pads to alloW for incorporation of the same frequency 
synthesiZer integrated circuit into different product applica 
tions requiring differing inductance values. In this Way, 
frequency synthesiZer packages intended for a ?rst applica 
tion may employ inductor circuit Wire bonds connected to 
different substrate inductor circuit bonding pads than those 
pads connected to in frequency synthesiZer packages 
intended for a second application. 

[0062] It Will be understood With the bene?t of this 
disclosure that multiple alternative substrate inductor circuit 
bonding pads may be provided for induction loop circuits of 
virtually any design or circuit con?guration. For example, 
When employed in a VCO circuit application, induction loop 
circuits 3208 and 3210 of FIG. 5A or 5B may be connected 
to operate separately With respective separate ?rst and 
second VCO circuits, connected With integrated sWitch 
circuitry to operate in an alternate sWitchable manner With a 
single VCO circuit (e. g., to provide tWo differing inductance 
values for a single VCO circuit), or may be connected in 
sWitchable or permanent manner so that both loop circuits 
operate together in series or parallel in the same circuit. It 
Will also be understood that the number of induction loop 
circuits provided for a frequency synthesiZer package may 
be as many as necessary or desired to function in a manner 
as described for any of the embodiments herein. 

[0063] Although the illustrated embodiments shoW a 
single inductor circuit Wire bond extending from each inte 
grated circuit inductor circuit bonding pad 3104 to connect 
With a respective single substrate inductor circuit bonding 
pad 3204, it Will be understood With bene?t of this disclo 
sure that in other embodiments multiple inductor circuit Wire 
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bonds 3206 may extend from a single integrated circuit 
inductor circuit bonding pad 3104 to connect With more than 
one substrate inductor circuit bonding pads 3204, that mul 
tiple inductor circuit Wire bonds 3206 may extend from a 
single substrate inductor circuit bonding pad 3204 to con 
nect With more than one integrated circuit inductor circuit 
bonding pads 3104, or that a combination of both such 
con?gurations may be present. It Will also be understood that 
any combination or number of available substrate inductor 
circuit bonding pads 3204 may be so connected for inclusion 
in one or more induction loop circuits as so desired. 

[0064] Although one embodiment of the disclosed method 
and apparatus has been illustrated in FIGS. 5A, 5B, and 6 
in Which selectable inductance values are provided by the 
provision of multiple alternative substrate inductor circuit 
bonding pads, it Will be understood With the bene?t of this 
disclosure that inductance values may be provided on 
package in a frequency synthesiZer package using substrate 
electrical contacts of any con?guration suitable for provid 
ing inductance values. For example, in the embodiment 
illustrated in FIG. 7A, a ?rst individual substrate inductor 
circuit bonding pad 3204a may be provided for connection 
to a ?rst integrated circuit inductor bonding pad 3104a With 
inductor circuit Wire bond 3206a, and a second individual 
substrate inductor circuit bonding pad 3204b may be pro 
vided for connection to a second integrated circuit inductor 
bonding pad 3104b With a second inductor circuit Wire bond 
3206b, and each of the tWo individual inductor circuit 
bonding pads 3204a and 3204b connected on or Within 
package substrate 3200 to complete the induction loop 
circuit With a material of desired inductance value (e.g., 
having appropriate geometry, length and/or material). Also 
as shoWn in FIG. 7A, one or more additional individual 
substrate inductor circuit bonding pads 3204c may be pro 
vided as an alternate connection point to, for example, 
second integrated circuit inductor bonding pad 3104a via 
second inductor Wire bond 3206b. As With other embodi 
ments disclosed herein, as feW as one induction loop circuit, 
and as many as three or more induction loop circuits may be 
similarly provided for in a given package. 

[0065] FIG. 7B shoWs a partial and simpli?ed schematic 
of induction loop circuit 3210 of FIG. 7A, shoWing sub 
strate inductor circuit bonding pad 3204a connected to 
inductor circuit Wire bond 3206a, and second individual 
substrate inductor circuit bonding pad 3204b connected to 
second inductor circuit Wire bond 3206b, and each of the 
tWo individual inductor circuit bonding pads 3204a and 
3204b connected on or Within package substrate 3200 With 
conductive inductor circuit connection feature 3500 to com 
plete the induction loop circuit With a material of desired 
inductance value. As may be seen, substrate inductor bond 
ing pad 3204c is also connected to substrate inductor bond 
ing pad 3204b on or Within package substrate 3200 With 
conductive feature 3502 having a material of desired induc 
tance value. Provision of an additional substrate inductor 
bonding pad 3204c alloWs for selective connection of induc 
tor circuit Wire bonds 3206a and 3206b to any respective 
tWo of substrate inductor bonding pads 3204a, 3204b, or 
3204c, thus alloWing for the selective inclusion of either 
conductive feature 3500 or 3502 in induction loop circuit 
3210. Additionally, both conductive inductor circuit connec 
tion features 3500 and 3502 may be included in-series in 
induction loop circuit 3210 by, for example, connecting ?rst 
inductor circuit Wire bond 3206a to substrate inductor 
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bonding pad 3204a, and connecting second inductor circuit 
Wire bond 3206b to substrate inductor bonding pad 3204c. 
It Will be understood With bene?t of this disclosure that an 
additional number of selectable inductance values may be 
provided for in a similar manner by providing as many 
alternative substrate inductor bonding pads as desired (for 
example, n alternate substrate inductor bonding pads) With 
a corresponding number (for example, n-l) of selectable 
conductive inductor circuit connection features connected 
therebetWeen. Furthermore, it Will be understood that select 
able inductance values may be so provided for using any 
suitable package substrate type and/or substrate electrical 
contact type knoWn in the art, including those described 
elseWhere herein. The inductance value betWeen alternative 
selected pairs of substrate inductor circuit bonding pads may 
vary or be varied due to differing geometry, material, and/or 
length of inductive connective features disposed betWeen a 
selected pair of substrate inductor circuit bonding pads. 

[0066] In yet another embodiment, package substrate 
bonding pads may be electrically coupled to one another on 
or Within a package substrate and be suitable for connection 
With solder bumps, for example, on a ?ip chip. Such an 
embodiment is illustrated in FIG. 8. FIG. 8 shoWs “?ip 
chip” integrated circuit 4100 mounted to package substrate 
4200 on a package carrier 4220 (e.g., ceramic chip carrier, 
etc.). In the illustrated embodiment, package substrate 4200 
includes a plurality of package substrate I/O electrical 
bonding pads 4202 provided on the upper surface of package 
substrate 4200 for input/output connection With one or more 
circuits contained Within integrated circuit 4100. Within 
package substrate 4200 and package carrier 4220, provision 
is made for electrical connection of substrate bonding pads 
4202 to off-package circuitry (not shoWn), such as a printed 
circuit board. Examples of such provision include, but are 
not limited to, electrically conductive vias (not shoWn) 
connected to substrate bonding pads 4202 and extending 
through package carrier 4220 to substrate solder bump 
connections 4212 provided on the underside of package 
substrate 4200. Integrated circuit solder bumps 4102 are 
shoWn for electrically connecting substrate bonding pads 
4202 to one or more circuits contained Within integrated 
circuit 4100. 

[0067] Also shoWn in FIG. 8 are tWo sets of alternative 
package substrate inductor circuit bonding pads 4204 to 
Which connection to VCO circuitry contained Within or on 
integrated circuit 4100 is made by inductor circuit solder 
bump connectors 4104, to complete tWo induction loop 
circuits 4208 and 4210. In the exemplary embodiment 
shoWn, a respective conductive inductor circuit connection 
feature segment 4206 is connected betWeen each pair of 
inductor circuit substrate bonding pads 4204 as shoWn. Each 
conductive inductor circuit connection feature segment 4206 
extends from a substrate inductor circuit bonding pad 4204 
to another substrate inductor circuit bonding pad 4204, and 
has an inductive value de?ned (e.g., by its geometry, mate 
rial and/or length) betWeen the respective substrate inductor 
circuit bonding pads 4204 to Which it is connected. 

[0068] As shoWn in the exemplary embodiment of FIG. 8, 
each induction loop circuit 4208 and 4210 is provided With 
three alternative substrate inductor circuit bonding pads, in 
each case connected together by respective conductive 
inductor circuit connection feature segments 4206. In this 
Way, inductive value of each of respective induction loop 










