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SPREAD SPECTRUM CLOCK AND
REFERENCE SIGNAL GENERATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of and claims
priority to U.S. patent application Ser. No. 11/950,707, filed
Dec. 5, 2007, inventors Scott Michael Pernia et al., entitled
“Clock, Frequency Reference, and Other Reference Signal
Generator”, which is commonly assigned herewith, the entire
contents of which are incorporated herein by reference with
the same full force and effect as if set forth in their entirety
herein, and with priority claimed for all commonly disclosed
subject matter.

This application is also a continuation-in-part of and
claims priority to U.S. patent application Ser. No. 11/384,
973, filed Mar. 20, 2006, inventors Michael Shannon McCor-
quodale et al., entitled “Discrete Clock Generator and Tim-
ing/Frequency Reference”, which is commonly assigned
herewith, the entire contents of which are incorporated herein
by reference with the same full force and effect as if set forth
in their entirety herein, and with priority claimed for all
commonly disclosed subject matter, and which is a continu-
ation-in-part of and further claims priority to U.S. patent
application Ser. No. 11/232,407, filed Sep. 20, 2005, which is
a continuation-in-part of and claims priority to U.S. patent
application Ser. No. 11/084,962 and U.S. patent application
Ser. No. 11/085,372, filed Mar. 21, 2005 and with a further
claim of priority to U.S. Provisional Patent Application Ser.
No. 60/555,193, filed Mar. 22, 2004.

This application is also a continuation-in-part of and
claims priority to U.S. patent application Ser. No. 11/384,
758, filed Mar. 20, 2006, inventors Michael Shannon McCor-
quodale et al., entitled “Integrated Clock Generator and Tim-
ing/Frequency Reference”, which is commonly assigned
herewith, the entire contents of which are incorporated herein
by reference with the same full force and effect as if set forth
in their entirety herein, and with priority claimed for all
commonly disclosed subject matter, and which is a continu-
ation-in-part of and further claims priority to U.S. patent
application Ser. No. 11/232,407, filed Sep. 20, 2005, which is
a continuation-in-part of and claims priority to U.S. patent
application Ser. No. 11/084,962 and U.S. patent application
Ser. No. 11/085,372, filed Mar. 21, 2005 and with a further
claim of priority to U.S. Provisional Patent Application Ser.
No. 60/555,193, filed Mar. 22, 2004.

This application is also a continuation-in-part of and
claims priority to U.S. patent application Ser. No. 11/384,
605, filed Mar. 20, 2006, inventors Michael Shannon McCor-
quodale et al., entitled “Inductor and Capacitor-Based Clock
Generator and Timing/Frequency Reference”, which is com-
monly assigned herewith, the entire contents of which are
incorporated herein by reference with the same full force and
effect as if set forth in their entirety herein, and with priority
claimed for all commonly disclosed subject matter, and
which is a continuation-in-part of and further claims priority
to U.S. patent application Ser. No. 11/232,407, filed Sep. 20,
2005, which is a continuation-in-part of and claims priority to
U.S. patent application Ser. No. 11/084,962 and U.S. patent
application Ser. No. 11/085,372, filed Mar. 21, 2005 and with
a further claim of priority to U.S. Provisional Patent Appli-
cation Ser. No. 60/555,193, filed Mar. 22, 2004.

This application is also a continuation-in-part of and
claims priority to U.S. patent application Ser. No. 11/805,
368, filed May 23,2007, inventors Scott Michael Perniaetal.,
entitled “Multi-Terminal Harmonic Oscillator Integrated Cir-
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cuit with Frequency Calibration and Frequency Configura-
tion”, which is commonly assigned herewith, the entire con-
tents of which are incorporated herein by reference with the
same full force and effect as if set forth in their entirety herein,
and with priority claimed for all commonly disclosed subject
matter, and which is a continuation-in-part of and further
claims priority to U.S. patent application Ser. No. 11/232,
4009, filed Sep. 20, 2005, to U.S. patent application Ser. No.
11/384,605 and to U.S. patent application Ser. No. 11/384,
973, which are a continuations-in-part of and claims priority
to U.S. patent application Ser. No. 11/084,962 and U.S. patent
application Ser. No. 11/085,372, filed Mar. 21, 2005 and with
a further claim of priority to U.S. Provisional Patent Appli-
cation Ser. No. 60/555,193, filed Mar. 22, 2004.

This application is also a continuation-in-part of and
claims priority to U.S. patent application Ser. No. 11/805,
427, filed May 23, 2007, inventors Scott Michael Perniaetal.,
entitled “Frequency Calibration For A Monolithic Clock
Generator And Timing/Frequency Reference”, which is com-
monly assigned herewith, the entire contents of which are
incorporated herein by reference with the same full force and
effect as if set forth in their entirety herein, and with priority
claimed for all commonly disclosed subject matter, and
which is a continuation-in-part of and further claims priority
to U.S. patent application Ser. No. 11/232,409, filed Sep. 20,
2005, and to U.S. patent application Ser. No. 11/384,605,
which are a continuations-in-part of and claims priority to
U.S. patent application Ser. No. 11/084,962 and U.S. patent
application Ser. No. 11/085,372, filed Mar. 21, 2005 and with
a further claim of priority to U.S. Provisional Patent Appli-
cation Ser. No. 60/555,193, filed Mar. 22, 2004.

FIELD OF THE INVENTION

The present invention, in general, relates to oscillation or
clocking signal generation, and more particularly, relates to a
spread spectrum clock signal generator and timing/frequency
reference.

BACKGROUND OF THE INVENTION

Accurate clock generators or timing references have gen-
erally relied upon crystal oscillators, such as quartz oscilla-
tors, which provide a mechanical, resonant vibration at a
particular frequency. The difficulty with such crystal oscilla-
tors is that they cannot be fabricated as part of the same
integrated circuit (“IC”) that is to be driven by their clock
signal. For example, microprocessors such as the Intel Pen-
tium processor require a separate clock IC. As a consequence,
virtually every circuit requiring an accurate clock signal
requires an off-chip clock generator. Accordingly, accurate
and stable clocking capability is one of the last functional
components in electronic systems that have not been subject
to integration.

There are several consequences for such non-integrated
solutions. For example, because such a processor must be
connected through outside circuitry (such as on a printed
circuit board (PCB)), power dissipation is comparatively
increased. In applications which rely on a finite power supply,
such as battery power in mobile communications, such addi-
tional power dissipation is detrimental.

In addition, such non-integrated solutions, by requiring an
additional IC, increase space and area requirements, whether
on the PCB or within the finished product, which is also
detrimental in mobile environments. Moreover, such addi-
tional components increase manufacturing and production
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costs, as an additional IC must be fabricated and assembled
with the primary circuitry (such as a microprocessor).

Other clock generators which have been produced as inte-
grated circuits with other circuits are generally not suffi-
ciently accurate, particularly over fabrication process, volt-
age, and temperature (“PVT”) variations. For example, ring,
relaxation and phase shift oscillators may provide a clock
signal suitable for some low-sensitivity applications, but have
been incapable of providing the higher accuracy required in
more sophisticated electronics, such as in applications requir-
ing significant processing capability or data communications.
In addition, these clock generators or oscillators often exhibit
considerable frequency drift, jitter, have a comparatively low
Q-value, and are subject to other distortions from noise and
other interference.

As a consequence, a need remains for a reference signal or
clock generator which may be integrated monolithically with
other circuitry, as a single IC, or which may be a discrete IC
utilized to provide a clock or other reference signal to the
other circuitry, and which is highly accurate over PVT varia-
tions. Such a reference signal or clock generator should be
free-running and/or self-referencing, and should not require
locking or referencing to another reference signal. Such a
reference signal or clock generator should exhibit minimal
frequency drift and have comparatively low jitter, and should
be suitable for applications requiring a highly accurate sys-
tem clock. Such a clock generator or timing reference should
provide for control over output frequency, to provide a stable
and desired frequency in response to variation in ambient or
junction temperature or variation in other parameters such as
voltage, fabrication process, frequency, and age. Lastly, such
a clock generator or timing reference should also provide
multiple operating modes, including a spread spectrum mode
to reduce potential interference with other signals.

SUMMARY OF THE INVENTION

Exemplary embodiments of the invention provide a refer-
ence signal generator, system and method which provides a
superior reference signal, and which is capable of being fully
integrated with other electronics. The exemplary reference
signal generator and system provides a very accurate refer-
ence and/or clock signal, with very low error, very low phase
noise and period jitter, and with extremely fast rise and fall
times, rendering the exemplary embodiments suitable for
highly exacting applications. The exemplary embodiments
also provide for accurate frequency control over variable
parameters such as temperature, fabrication process varia-
tion, and IC aging. In various exemplary embodiments, the
invention provides an apparatus which generates a frequency
reference signal, which may be modified directly to generate
a spread spectrum reference signal, such as for reducing
interference with other signals.

As described in greater detail below, the exemplary
embodiments of the invention provide a spread spectrum
reference signal which is considered to be superb by those
having skill in the art. For example, the measured spread
spectrum power reduction at the seventh harmonic for the
third system embodiment described below provided a power
reduction of 12.2 dB, for a center or starting frequency of 24
MHz, spread at a 30 kHz rate and with a 1% modulation depth
or range (240 kHz). Similarly, also as described in greater
detail below, the spread spectrum functionality of the present
invention did not generate any non-monotonic or spurious
transitions, for a center or starting frequency of 12 MHz,
spread at a 30 kHz rate and with a 1.2% modulation depth or
range (144 kHz).
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An exemplary apparatus embodiment comprises: a refer-
ence oscillator adapted to provide a reference signal having a
reference frequency; and a spread spectrum controller
adapted to control the reference oscillator to generate a spread
spectrum reference signal at a plurality of different reference
frequencies over a predetermined time period.

In an exemplary embodiment, the spread spectrum control-
ler may be further adapted to modify a spread spectrum
parameter of the reference oscillator to modify the reference
frequency. For example, the spread spectrum parameter may
be at least one of the following spread spectrum parameters:
an effective reactance, a control voltage, an oscillation ampli-
tude, a common mode voltage, or a transconductance.

The spread spectrum reference signal may be configurable
to have a selected spread spectrum profile having a spreading
direction, a depth of spreading, and a spreading modulation
rate or period.

In an exemplary embodiment, the spread spectrum control-
ler is further adapted to modify an amount of reactance effec-
tively coupled to the reference oscillator, such as by switching
a capacitance to or from the reference oscillator, or by select-
ing or modifying a plurality of coefficients to control switch-
ing of a capacitance to or from the reference oscillator. When
the reference oscillator further comprises at least one varac-
tor, the spread spectrum controller may be further adapted to
modify the effective reactance by modifying a control voltage
of the varactor. In some exemplary embodiments, the spread
spectrum controller may be further adapted to select or
modify a plurality of coefficients to modify the control volt-
age. In other exemplary embodiments, when the reference
oscillator further comprises a control voltage generator hav-
ing a variable resistance, the spread spectrum controller may
be further adapted to modify the control voltage by varying
the variable resistance.

In additional exemplary embodiments, the spread spec-
trum controller is further adapted to modify the effective
reactance by switching an inductance to or from the reference
oscillator. More generally, the spread spectrum controller
may be further adapted to modify an effective impedance of
the reference oscillator, or to modify an effective resistance of
the reference oscillator, or to modify an amplitude of the
reference signal of the reference oscillator, or to modify the
amplitude by modifying a current of the reference oscillator,
or to modify a common mode voltage of the reference oscil-
lator, or to modify the common mode voltage by modifying a
current of the reference oscillator. the spread spectrum con-
troller is further adapted to modify a current of the reference
oscillator by modifying a reference voltage. Yet in additional
exemplary embodiments, the spread spectrum controller may
be further adapted to modify a divide ratio of the reference
signal of the reference oscillator, or to modify a transconduc-
tance of the reference oscillator.

In an exemplary embodiment, the apparatus further com-
prises: a coefficient register adapted to store a plurality of
coefficients; and a plurality of controlled reactance modules
coupled to the coefficient register, each controlled reactance
module responsive to a corresponding coefficient of the plu-
rality of coefficients to modify an amount of effective reac-
tance of the reference oscillator. For this exemplary embodi-
ment, the spread spectrum controller may be further adapted
to select or modify at least one coefficient of the plurality of
coefficients to control the reference oscillator to generate the
spread-spectrum reference signal. In various exemplary
embodiments, each controlled reactance module comprises a
capacitance, an inductance, and/or a resistance; or comprises
one or more capacitors, with each capacitor having a single
predetermined unit of capacitance; or comprises one or more
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capacitors and a resistor, with each capacitor having a single
predetermined unit of capacitance.

Also for this exemplary embodiment, the effective reac-
tance also may be modified by switching a controlled reac-
tance module to or from the reference oscillator in response to
the corresponding coefficient; or when the reference oscilla-
tor further comprises a control voltage generator, the effective
reactance also may be modified by changing a control volt-
age, in response to the corresponding coefficient, to a con-
trolled reactance module coupled to the reference oscillator.
Each controlled reactance module of the plurality of con-
trolled reactance modules may be responsive to a correspond-
ing coefficient of the plurality of coefficients to modify an
amount of reactance coupled to the reference oscillator. The
spread spectrum controller may be coupled to the coefficient
register and may be further adapted to sequentially modify the
plurality of coefficients during the predetermined time period
to provide the spread-spectrum reference signal. For
example, the spread spectrum controller may be further
adapted to increment or decrement the plurality of coeffi-
cients to modify the reference frequency. In addition, the
plurality of controlled reactance modules may be linearly
responsive to the plurality of coefficients to modify substan-
tially linearly the amount of reactance coupled to the refer-
ence oscillator. Also for example, the spread spectrum con-
troller may be further adapted to sequentially increment and
sequentially decrement at least one coefficient to provide a
triangular spread spectrum profile.

In an exemplary embodiment, the apparatus further com-
prises: a memory adapted to store a plurality of increment
values; and wherein the spread spectrum controller further
comprises: a counter adapted to provide a plurality of time
interval counts; an adder; and a state machine coupled to the
counter, to the adder and to the memory, the state machine
adapted, in response to a predetermined time interval count of
the plurality of time interval counts, to signal the adder to add
a corresponding increment value, of the plurality of incre-
ment values, to the plurality of coefficients to provide a next
plurality of coefficients to the coefficient register. The state
machine may be further adapted to modify or select the incre-
ment value, of the plurality of increment values, in response to
a predetermined time interval count of the plurality of time
interval counts.

In an exemplary embodiment, the spread spectrum control-
ler may further comprise: a counter adapted to provide a
plurality of time interval counts; and a state machine coupled
to the counter, the state machine adapted, in response to a
predetermined time interval count of the plurality of time
interval counts, to select a next plurality of coefficients from
the coefficient register.

Also in various exemplary embodiments, the spread-spec-
trum reference signal may have at least one of the following
types of spread spectrum profiles: a triangular spread spec-
trum profile, a sinusoidal spread spectrum profile, an expo-
nential spread spectrum profile, or a dual-inflection spread
spectrum profile.

In another exemplary embodiment, an apparatus, com-
prises: a reference resonator adapted to provide a reference
signal having a resonant frequency; a coefficient register
adapted to store a plurality of coefficients; a plurality of
controlled reactance modules coupled to the reference reso-
nator and to the coefficient register; and a spread spectrum
controller coupled to the coefficient register, the spread spec-
trum controller adapted to select or modity at least one coef-
ficient of the plurality of coefficients to provide the reference
signal at a plurality of different resonant frequencies during a
selected or predetermined time period.
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In this exemplary embodiment, each controlled reactance
module of the plurality of controlled reactance modules may
be responsive to a corresponding coefficient of the plurality of
coefficients to modify an amount of reactance coupled to the
reference resonator. The spread spectrum controller may be
further adapted to increment or decrement the at least one
coefficient to modify the resonant frequency, such as to
sequentially increment and sequentially decrement the at
least one coefficient to provide a triangular spread spectrum
profile. The spread spectrum controller may be further
adapted to increment or decrement the at least one coefficient
to modify the resonant frequency and provide the plurality of
different resonant frequencies having a selected spread spec-
trum profile during the selected time period.

For this exemplary embodiment, the plurality of controlled
reactance modules also may be substantially linearly respon-
sive to the plurality of coefficients to modity substantially
linearly the amount of reactance coupled to the reference
resonator, such as responsive to a corresponding coefficient of
the plurality of coefficients to switch a corresponding reac-
tance to the reference resonator, or responsive to a corre-
sponding coefficient of the plurality of coefficients to switch
a corresponding reactance to a control voltage. In another
exemplary embodiment, a control voltage generator may be
responsive to a corresponding coefficient of the plurality of
coefficients to modify a control voltage for a corresponding
controlled reactance module of the plurality of controlled
reactance modules.

A wide variety of controlled reactance modules are within
the scope of the present invention. In some exemplary
embodiments, the plurality of controlled reactance modules
further comprise a plurality of switchable capacitive modules
coupled to the coefficient register and to the reference reso-
nator, with each switchable capacitive module having a fixed
capacitance and a variable capacitance, and with each swit-
chable capacitive module responsive to a corresponding coef-
ficient of the plurality of coefficients to switch between the
fixed capacitance and the variable capacitance and to switch
each variable capacitance to a control voltage. The plurality
of controlled reactance modules also may further comprise a
plurality of switchable resistive modules coupled to the coef-
ficient register, with each switchable resistive module respon-
sive to a corresponding coefficient of the plurality of coeffi-
cients to switch the switchable resistive module to a control
voltage or to the reference resonator.

In other exemplary embodiments, the plurality of con-
trolled reactance modules further comprises a plurality of
switchable capacitive modules coupled to the coefficient reg-
ister and to the reference resonator, with each switchable
capacitive module having a first fixed capacitance and a sec-
ond fixed capacitance, and with each switchable capacitive
module responsive to a corresponding coefficient of the plu-
rality of calibration coefficients to switch between the first
fixed capacitance and the second fixed capacitance.

In additional exemplary embodiments, the plurality of con-
trolled reactance modules further comprises an array having a
plurality of switchable variable capacitive modules coupled
to the coefficient register and to the reference resonator, each
switchable variable capacitive module responsive to a corre-
sponding coefficient of the plurality of calibration coeffi-
cients to switch between a first voltage and a second voltage.
At least one of the first voltage and second voltage may be a
fixed voltage or a variable voltage. In other exemplary
embodiments, the plurality of controlled reactance modules
further comprises an array having a plurality of variable
capacitive modules coupled to the reference resonator and to
a control voltage. The control voltage may be variable in



US 7,719,371 B2

7

response to the plurality of coefficients. Yet in other exem-
plary embodiments, the plurality of controlled reactance
modules further comprises a plurality of switchable capaci-
tive modules coupled to the coefficient register and to the
reference resonator, each switchable capacitive module
responsive to a corresponding coefficient of the plurality of
calibration coefficients to switch to or from the reference
resonator.

In an exemplary embodiment, the spread spectrum control-
ler may further comprise: a counter adapted to provide a
plurality of time interval counts; an adder; and a state machine
coupled to the counter and to the memory, the state machine
adapted, in response to a predetermined time interval count of
the plurality of time interval counts, to signal the adder to add
an increment value to the plurality of coefficients to provide a
next plurality of coefficients to the coefficient register. The
plurality of time interval counts may be determined by count-
ing successive rising or falling edges of the reference signal.
The state machine may be further adapted to modify or select
the increment value in response to a predetermined time
interval count of the plurality of time interval counts.

The memory also may be adapted to store a plurality of
increment values corresponding to a plurality of predeter-
mined time interval counts to form a spread spectrum profile.
In this exemplary embodiment, the state machine may be
further adapted, in response to each predetermined time inter-
val count of the plurality of predetermined time interval
counts, to signal the adder to add a corresponding increment
value, of the plurality of increment values, to the plurality of
coefficients to provide a next plurality of coefficients to the
coefficient register

In another exemplary embodiment, the spread spectrum
controller further comprises a counter adapted to provide a
plurality of time interval counts; and a state machine coupled
to the counter, the state machine adapted, in response to a
predetermined time interval count of the plurality of time
interval counts, to select a next plurality of coefficients from
the coefficient register or from a memory.

In other exemplary embodiments, the spread spectrum
controller comprises a finite state machine and combinational
logic circuitry. In yet additional exemplary embodiments, the
spread spectrum controller comprises a processor.

The exemplary apparatus and systems may also be config-
urable or programmable, and may further comprise an input-
output interface adapted to receive a plurality of spread spec-
trum parameters. For example, the plurality of spread
spectrum parameters may comprises at least one or two of the
following parameters: a spreading direction, a depth of
spreading, and a spreading modulation rate or period.

In another exemplary embodiment, the apparatus may fur-
ther comprise a second oscillator coupled to the spread spec-
trum controller and adapted to provide a clock signal at a
substantially fixed frequency. An exemplary apparatus or sys-
tem may also further comprise a frequency divider coupled to
the reference resonator, the frequency divider adapted to
divide the resonant frequency by a rational number into a
plurality of second signals having a corresponding plurality
of frequencies, the plurality of frequencies substantially
equal to or lower than the resonant frequency.

In other exemplary embodiments, a spread spectrum clock
generator is disclosed, comprising: a reference oscillator
adapted to provide a reference signal having a reference fre-
quency; a coefficient register adapted to store a plurality of
coefficients; a plurality of controlled reactance modules
coupled to the reference oscillator and to the coefficient reg-
ister, each controlled reactance module responsive to a cor-
responding coefficient of the plurality of coefficients to
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modify an amount of effective reactance coupled to the ref-
erence oscillator; and a spread spectrum controller coupled to
the coefficient register and adapted to modify the plurality of
coefficients to control the reference oscillator to generate a
reference signal at a plurality of different reference frequen-
cies.

In other exemplary embodiments, a method of spread-
spectrum clock generation is provided, comprising: generat-
ing a reference signal from a reference oscillator; and con-
trolling the reference oscillator to generate a spread-spectrum
reference signal at a plurality of different reference frequen-
cies during a predetermined time period. The controlling step
may further comprise sequentially modifying a plurality of
coefficients during the predetermined time period to provide
the spread-spectrum reference signal, or modifying a control
voltage during the predetermined time period to provide the
spread-spectrum reference signal, or modifying an effective
reactance of the reference oscillator during the predetermined
time period to provide the spread-spectrum reference signal,
or modifying a current of the reference oscillator during the
predetermined time period to provide the spread-spectrum
reference signal, or modifying an oscillation amplitude of the
reference signal during the predetermined time period to pro-
vide the spread-spectrum reference signal, or modifying a
common mode voltage of the reference oscillator during the
predetermined time period to provide the spread-spectrum
reference signal, or modifying a divide ratio of the reference
oscillator during the predetermined time period to provide the
spread-spectrum reference signal.

The exemplary method also may further comprise:
responding to a corresponding coefficient of the plurality of
coefficients to modify an amount of reactance coupled to the
reference oscillator; or switching a corresponding reactance
to the reference oscillator or switching a corresponding reac-
tance to a control voltage; incrementing or decrementing the
plurality of coefficients to modify the reference frequency.

In other exemplary embodiments, the controlling step may
further comprise: counting the reference signal to provide a
plurality of time interval counts; and at predetermined time
interval counts of the plurality of time interval counts, modi-
fying a plurality of coefficients to modify an amount of reac-
tance effectively coupled to the reference oscillator. The
exemplary method may also include restoring an initial plu-
rality of coefficients to generate the reference signal having a
calibrated, starting or center reference frequency. The step of
modifying also may further comprise: determining an incre-
ment value, of a plurality of increment values, corresponding
to a predetermined time interval count of the plurality of time
interval counts; and in response to the predetermined time
interval count, incrementing or decrementing the plurality of
coefficients.

In other exemplary embodiments, a spread spectrum con-
troller is disclosed which is couplable to a reference oscilla-
tor, with the reference oscillator adapted to provide a refer-
ence signal having a reference frequency, and with the spread
spectrum controller comprising: a memory adapted to store a
plurality of coefficients; and a controller adapted to control
the reference oscillator to generate a spread-spectrum refer-
ence signal at a plurality of different reference frequencies
during a predetermined time period.

These and additional embodiments are discussed in greater
detail below. Numerous other advantages and features of the
present invention will become readily apparent from the fol-
lowing detailed description of the invention and the embodi-
ments thereof, from the claims and from the accompanying
drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

The objects, features and advantages of the present inven-
tion will be more readily appreciated upon reference to the
following disclosure when considered in conjunction with the
accompanying drawings, wherein like reference numerals are
used to identify identical components in the various views,
and wherein reference numerals with alphabetic characters
are utilized to identify additional types, instantiations or
variations of a selected component embodiment in the various
views, in which:

FIG.1 ablock diagram illustrating a first exemplary system
embodiment in accordance with the teachings of the present
invention.

FIG. 2 a block diagram illustrating a first exemplary appa-
ratus embodiment in accordance with the teachings of the
present invention.

FIG. 3 a block diagram illustrating in greater detail a sec-
ond exemplary apparatus embodiment in accordance with the
teachings of the present invention.

FIG. 4 is ahigh-level circuit and block diagram illustrating
in greater detail an exemplary resonator, exemplary con-
trolled reactance modules, and an exemplary frequency cali-
bration module 230 in accordance with the teachings of the
present invention.

FIG. 5 is a circuit and block diagram illustrating a third
exemplary apparatus embodiment in accordance with the
teachings of the present invention.

FIG. 6 is a circuit and block diagram illustrating a fourth
exemplary apparatus embodiment in accordance with the
teachings of the present invention.

FIG. 7 is a graphical diagram illustrating resonant fre-
quency as a function of current as utilized in accordance with
the teachings of the present invention.

FIG. 8 is a circuit diagram illustrating an exemplary ampli-
tude detector embodiment in accordance with the teachings
of the present invention.

FIG. 9 is a circuit diagram illustrating an exemplary refer-
ence voltage generator and conditioning circuit embodiment
in accordance with the teachings of the present invention.

FIG. 10 is a circuit diagram illustrating an exemplary com-
mon mode detector embodiment in accordance with the
teachings of the present invention.

FIG. 11 is a circuit diagram illustrating exemplary fixed
and variable current source embodiments in accordance with
the teachings of the present invention.

FIG. 12 is a circuit and block diagram illustrating an exem-
plary first control voltage generator embodiment and an
exemplary first variable resistor embodiment in accordance
with the teachings of the present invention.

FIGS. 13A and 13B, are graphical diagrams illustrating
control voltage as a function of temperature as utilized in
accordance with the teachings of the present invention.

FIG. 14 is a circuit and block diagram illustrating an exem-
plary second control voltage generator embodiment in accor-
dance with the teachings of the present invention.

FIG. 15 is a circuit and block diagram illustrating an exem-
plary third control voltage generator embodiment in accor-
dance with the teachings of the present invention.

FIG. 16 is a circuit and block diagram illustrating an exem-
plary fourth control voltage generator embodiment in accor-
dance with the teachings of the present invention.

FIG. 17 is a circuit and block diagram illustrating an exem-
plary fifth control voltage generator embodiment in accor-
dance with the teachings of the present invention.
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FIG. 18 is a circuit and block diagram illustrating an exem-
plary sixth control voltage generator embodiment in accor-
dance with the teachings of the present invention.

FIG. 19 is a circuit and block diagram illustrating an exem-
plary seventh control voltage generator embodiment in accor-
dance with the teachings of the present invention.

FIG. 20 is a circuit diagram illustrating an exemplary sec-
ond variable resistor embodiment in accordance with the
teachings of the present invention.

FIG. 21 is a circuit and block diagram illustrating an exem-
plary current source unit cell embodiment in accordance with
the teachings of the present invention.

FIG. 22 is a circuit diagram illustrating an exemplary tem-
perature-responsive CTAT current generator in accordance
with the teachings of the present invention.

FIG. 23 is a circuit diagram illustrating an exemplary tem-
perature-responsive PTAT current generator in accordance
with the teachings of the present invention.

FIG. 24 is a circuit diagram illustrating an exemplary tem-
perature-responsive PTAT® current generator in accordance
with the teachings of the present invention.

FIG. 25 is a circuit diagram illustrating an exemplary
selectable and scalable temperature-responsive current gen-
erator, with selected CTAT, PTAT, and PTAT configurations,
in accordance with the teachings of the present invention.

FIG. 26 is a circuit and block diagram illustrating an exem-
plary eighth control voltage generator embodiment in accor-
dance with the teachings of the present invention.

FIG. 27 is a circuit diagram illustrating an exemplary first
controlled reactance module utilized in accordance with the
teachings of the present invention.

FIG. 28 is a circuit diagram illustrating an exemplary sec-
ond controlled reactance module utilized in accordance with
the teachings of the present invention.

FIG. 29 is a circuit diagram illustrating an exemplary third
controlled reactance module utilized in accordance with the
teachings of the present invention.

FIG. 30 is a circuit diagram illustrating an exemplary
fourth controlled reactance module utilized in accordance
with the teachings of the present invention.

FIG. 31 is a circuit diagram illustrating an exemplary fifth
controlled reactance module utilized in accordance with the
teachings of the present invention.

FIG. 32 is a block diagram illustrating an exemplary fre-
quency (and mode) selector embodiment and an exemplary
second system embodiment in accordance with the teachings
of the present invention.

FIG. 33 is a circuit and block diagram illustrating an exem-
plary fifth apparatus embodiment in accordance with the
teachings of the present invention.

FIG. 34 a block diagram illustrating an exemplary third
system embodiment in accordance with the teachings of the
present invention.

FIG. 35 is aflow diagram illustrating an exemplary method
embodiment in accordance with the teachings of the present
invention.

FIG. 36 is a block diagram illustrating an exemplary first
spread spectrum clock generator (or timing/frequency refer-
ence) system embodiment, exemplary first spread spectrum
apparatus embodiment, and a first spread spectrum controller
embodiment in accordance with the teachings of the present
invention.

FIG. 37 is a circuit diagram illustrating an exemplary con-
trolled resistance module embodiment in accordance with the
teachings of the present invention.

FIG. 38 is a block diagram illustrating an exemplary sec-
ond spread spectrum apparatus embodiment and an exem-
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plary second spread spectrum controller embodiment in
accordance with the teachings of the present invention.

FIG. 39 is a graphical diagram illustrating a triangular
spreading profile in accordance with the teachings of the
present invention.

FIG. 40 is a graphical diagram illustrating a sinusoidal
spreading profile in accordance with the teachings of the
present invention.

FIG. 41 is a graphical diagram illustrating an exponential
spreading profile in accordance with the teachings of the
present invention.

FIG. 42 is a graphical diagram illustrating a dual-inflection
spreading profile in accordance with the teachings of the
present invention.

FIG. 43 is a block diagram illustrating in greater detail an
exemplary third spread spectrum apparatus embodiment in
accordance with the teachings of the present invention.

FIG. 44 is a flow diagram illustrating an exemplary first
spread spectrum method embodiment in accordance with the
teachings of the present invention.

FIG. 45 is a flow diagram illustrating an exemplary second
spread spectrum method embodiment in accordance with the
teachings of the present invention.

FIG. 46 is a graphical diagram illustrating the measured
spread spectrum power reduction at the seventh harmonic for
the third system embodiment in accordance with the teach-
ings of the present invention.

FIG. 47 is a graphical diagram illustrating the measured
time domain demodulation for the spread spectrum for the
third system embodiment in accordance with the teachings of
the present invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

While the present invention is susceptible of embodiment
in many different forms, there are shown in the drawings and
will be described herein in detail specific exemplary embodi-
ments thereof, with the understanding that the present disclo-
sure is to be considered as an exemplification of the principles
of the invention and is not intended to limit the invention to
the specific embodiments illustrated. In this respect, before
explaining at least one embodiment consistent with the
present invention in detail, it is to be understood that the
invention is not limited in its application to the details of
construction and to the arrangements of components set forth
above and below, illustrated in the drawings, or as described
in the examples. Methods and apparatuses consistent with the
present invention are capable of other embodiments and of
being practiced and carried out in various ways. Also, it is to
be understood that the phraseology and terminology
employed herein, as well as the abstract included below, are
for the purposes of description and should not be regarded as
limiting.

As indicated above, the various embodiments of the inven-
tion provide numerous advantages, including the ability to
integrate a highly accurate (over PVT and age), low-jitter,
free-running clock generator and/or a timing and frequency
reference with other circuitry, such as illustrated in FIG. 1.
FIG. 1 is a block diagram illustrating an exemplary first
system embodiment 150 in accordance with the teachings of
the present invention. The discussion below is also equally
applicable to exemplary second and third system embodi-
ments 900, 950 is illustrated in FIGS. 32 and 34. As illustrated
in FIG. 1, the system 150 is a single integrated circuit, having
a reference signal generator 100, 200, 300, 400, 500, 600
(e.g., clock generator and/or timing/frequency reference gen-
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erator) of the present invention integrated with other, or sec-
ond, circuitry 180, together with an input/output (I/O) inter-
face 120 or other I/O circuitry. Exemplary reference signal
generators 100, 200, 300, 400, 500, 600 are illustrated in
FIGS. 2-6 and 33. Second circuitry 180 may be any type or
kind of circuitry such as, for example, a microprocessor, a
frequency divider, a phase or delay locked loop, switching
circuitry, etc., with many examples illustrated and discussed
below. The I/O interface 120 will generally provide power,
such as from a power supply (not illustrated), ground, and
other lines or busses to the reference signal generator 100,
200,300, 400,500, 600, such as for calibration and frequency
selection, and other I/O functionality, such as driver circuitry
and impedance matching. For example, the [/O interface 120
may be utilized for input/output communication, providing
appropriate connection to a relevant channel, network or bus,
and may provide additional functionality, such as impedance
matching, drivers and other functions for a wireline interface,
may provide demodulation and analog to digital conversion
for a wireless interface, and may provide a physical interface
with other devices for the second circuitry 180 or the refer-
ence signal generator 100, 200, 300, 400, 500, 600. In gen-
eral, the I/O interface 120 is used for coupling to power and
ground connections, and potentially also to receive and trans-
mit data, depending upon the selected embodiment, such as
control or calibration signals, for example. Also for example
and without limitation, the I/O interface 120 may implement
communication protocols such as DMX 512, DALI,
I-squared C (I°C), etc.

As illustrated, one or more output reference (or clock)
signals are provided on bus 125, at one or more of a plurality
of frequencies, such as a first frequency (f,), a second fre-
quency (f,), and so on, through an (n+1)” frequency (f,). In
addition, the various one or more reference signals may have
any of a plurality of shapes, such as substantially square or
substantially sinusoidal, for example. The second circuitry
180 (or the I/O interface 120) may also provide input into the
reference signal generator 100, 200, 300, 400, 500, 600, such
as through selection signals (S,, S;, through S,,), and one or
more calibration signals (C,, C,, through C,)). Alternatively,
the selection signals (S, S, through S,) and one or more
calibration signals (C,, C,, through C,) may be provided
directly to the reference signal generator 100 through the
interface 120, such as on bus 135, along with power and
ground connections (not separately illustrated).

The reference signal generator 100, 200, 300, 400, 500,
600 may also have a plurality of modes, such as a low power
mode and other modes discussed in greater detail below. For
example, in a clock mode, the apparatus 100, 200, 300, 400,
500, 600 will provide one or more clock signals, as output
signals, to the second circuitry 180. The second circuitry 180
also may be any type or kind of circuitry, such as a micropro-
cessor, a digital signal processor (“DSP”), a radio-frequency
circuit, for example, or any other circuit which could utilize
the one or more output clock signals. Also for example, in a
timing or frequency reference mode, the output signal from
the apparatus 100, 200,300, 400, 500, 600 may be a reference
signal, such as a reference signal for synchronization for a
second oscillator. As a consequence, the terminology refer-
ence signal generator, clock generator and/or timing/fre-
quency reference will be utilized interchangeably herein,
with the understanding that the clock generator will also
generally provide a square-wave signal, which may or may
not be provided with a reference signal generator or other
timing/frequency reference, which may utilize a substantially
sinusoidal signal instead. In addition, as discussed in greater
detail below, the various embodiments of the invention also



US 7,719,371 B2

13
provided a pulsed mode, in which the output signal from
reference signal generator 100, 200, 300, 400, 500, 600 is
provided in bursts or intervals, for increased instruction pro-
cessing efficiency and lower power consumption, for
example.

It should be noted that the various signals, voltages, param-
eter-independent current sources, and so on, are referred to as
“substantially” sinusoidal or square-wave signals, substan-
tially constant control voltages, or substantially parameter-
independent voltages or currents, for example. This is to
accommodate the various fluctuations, noise sources and
other distortions introduced which may cause such signals,
voltages or currents to differ in practice from the more ideal
depictions found in textbooks. For example, as discussed in
greater detail below, exemplary “substantially” square-wave
signals provided by the exemplary reference signal generator
100, 200, 300, 400, 500, 600 may and typically do exhibit a
variety of distortions, such as undershoots, overshoots, and
other variations, and are nonetheless considered to be very
high quality square-waves in practice.

In other instances, “substantially constant” may be con-
strued more broadly, to mean “within a predetermined vari-
ance” of a selected value or parameter. For example, a sub-
stantially constant magnitude of an amplitude, a substantially
constant common mode voltage, or a substantially constant
resonant frequency, will typically have some variance from a
specific value, such as plus or minus a predetermined percent-
age or error, and will generally not be constant as a theoretical
ideal. Accordingly, in practice, what is acceptable as substan-
tially constant nonetheless has some degree of variance, and
in accordance with the exemplary embodiments of the inven-
tion, should be understood to mean and be measured as hav-
ing some measurable variance from, for example, a predeter-
mined magnitude, a predetermined common mode voltage,
and a calibrated or predetermined resonant frequency. The
amount of allowable variance from a specified or predeter-
mined value will depend upon product specifications or prod-
uct requirements for a degree of allowable error. Continuing
with the example, a substantially constant resonant frequency
will depend upon the acceptable specifications, and the vari-
ous exemplary embodiments will typically have some fre-
quency error, such as on the order of 100 ppm in exemplary
embodiments. Similar variations are to be expected with
other parameters which are to be maintained substantially
constant, such as the magnitude of the peak amplitude of the
resonant signal and the common mode voltage of the refer-
ence resonator.

Several important features of the present invention are in
system 150 (and 900, 950). First, a highly accurate, low-jitter,
free-running reference signal generator 100, 200, 300, 400,
500, 600 is integrated monolithically with other (second)
circuitry 180, to form a singular integrated circuit (system
150, 900, 950). This is in sharp contrast with the prior art, in
which a reference oscillator is used to provide a clock signal,
such as a crystal reference oscillator, which cannot be inte-
grated with other circuitry and is off-chip, as a second and
separate device which must be connected through a circuit
board to any additional circuitry. For example, in accordance
with the present invention, the system 150, 900, 950, includ-
ing reference signal generator 100, 200, 300, 400, 500, 600,
may be fabricated with other, second circuitry using conven-
tional CMOS (complementary metal oxide semiconductor),
BJT (bipolar junction transistor), BiCMOS (bipolar and
CMOS), or other fabrication technologies utilized in modern
1C manufacturing.

Second, no separate reference oscillator is required.
Rather, in accordance with the invention, the reference signal
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generator 100, 200, 300, 400, 500, 600 is free-running, such
that it is not referenced to or locked to another signal, such as
being synchronized in a phase locked loop (“PLL”), delay
locked loop (“DLL”), or via injection locking to a reference
signal, which is typical of the prior art. Instead, the exemplary
embodiments may be utilized as such a reference oscillator
which generates the reference signal itself, which may then be
locked to by one or more phase-locked or delay-locked loops,
for example. In these latter embodiments, in which a PLL or
DLL provides a secondary reference signal by locking to the
reference signal provided by the reference signal generator
100, 200, 300, 400, 500, 600, the resulting system (150, 900,
950) may be viewed as “self-referencing”, as no separate,
external, or other independent source of a reference signal is
required.

Third, the reference signal generator 100, 200, 300, 400,
500, 600 may provide a plurality of output frequencies and a
power conservation mode, such that frequencies may be
switched with low latency and in a glitch-free manner. For
example, second circuitry 180 may shift to a power conser-
vation mode, such as a battery or lower frequency mode, and
request (through selection signals) a lower clock frequency
for minimizing power consumption, or request a low power
clock signal to enter a sleep mode. As discussed in greater
detail below, such frequency switching is provided with sub-
stantially negligible latency, with low latency introduced for
glitch prevention (in proportion to the number of glitch pre-
vention stages utilized), using a merely a handful of clock
cycles, rather than the thousands of clock cycles required to
change the output frequency from a PLL/DLL.

Additional embodiments also provide for generating a plu-
rality of frequency reference signals, whether sinusoidal or
square-wave, such as for use as one or more clock signals or
reference frequency sources. In exemplary embodiments, the
clock/frequency reference of the invention is coupled to one
or more phase-locked loops (“PLLs”) or delay-locked loops
(“DLLs), to provide a corresponding plurality of output ref-
erence signals at selected frequencies. These exemplary
embodiments are typically programmable, through control
signals or stored coefficients, such as to adjust the divide
ratios of the PLLs or DLLs for corresponding frequency
selection.

In addition, given the significantly high available output
frequencies of the reference signal generator 100, 200, 300,
400, 500, 600 discussed below, new operating modes are
available. For example, clock start-up times are effectively or
substantially negligible, allowing the reference signal genera-
tor 100, 200, 300, 400, 500, 600 to be repeatedly started and
stopped, such as turned off entirely or to be pulsed for power
conservation. For example, rather than running continuously
as a clock, the reference signal generator 100, 200, 300, 400,
500, 600 can be operated in comparatively short, discrete
intervals or bursts (i.e., pulsed), periodically or non-periodi-
cally, for instruction processing by a second circuit 180, such
as a processor. As discussed in greater detail below, with the
rapid start-up time, such pulsed operation provides a power
savings, as more instructions (million instructions per second
or MIPS) are processed per milliwatt (mW) of power con-
sumption. In addition, such a pulsed mode may also be uti-
lized to periodically synchronize a second clock or oscillator,
in addition to other uses. As a consequence, the reference
signal generator 100, 200, 300, 400, 500, 600 (and the other
embodiments discussed below) has a plurality of operating
modes, including a clock mode, a timing and/or frequency
reference mode, a power conservation mode, and a pulsed
mode.
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Fourth, as discussed in greater detail below, the reference
signal generator 100 includes features for highly accurate
frequency generation over fabrication process, voltage, tem-
perature (“PVT”) and age variations. These features include
frequency tuning and selection, and compensation for fre-
quency variations which may be caused due to temperature
and/or voltage fluctuations, fabrication process variations,
and IC aging.

Fifth, the reference signal generator 100, 200, 300, 400,
500, 600 generates a significantly and comparatively high
frequency, such as in the hundreds of MHz and GHz range,
which then may be divided to a plurality of lower frequencies.
Each such division by “N” (a rational number, as a ratio of
integers) results in a significant noise reduction, with phase
noise reduced by N and phase noise power reduced by N2, As
a consequence, the clock generator of the present invention
results in significantly less relative period jitter than available
with other oscillators that generate their output directly or
through frequency multiplication.

These features are illustrated in greater detail in FIG. 2,
which is a block diagram illustrating in greater detail a first
exemplary apparatus 100 embodiment in accordance with the
teachings of the present invention, namely, a reference signal
generator 100 which comprises an oscillator 210 (typically
having a resonant element, such as an LC oscillator) and a
frequency controller 215. The reference signal generator 100
may also include a frequency (and/or mode) selector 205.
Depending on the selected embodiment, the reference signal
generator 100 may also include an I/O interface 120 as pre-
viously discussed. In addition, the reference signal generator
100 may also include or be couplable to a module for fre-
quency calibration (230), as described in the related applica-
tions and as discussed in greater detail below.

More specifically, the present application also refers to
inventions, features and components disclosed in prior pat-
ents and patent applications filed by many of the inventors
herein. In the interests of brevity, those disclosures will not be
repeated herein, and interested readers may refer to the ref-
erenced applications as cited below. Accordingly, all of the
following patents and patent applications (collectively
referred to as the “related applications™) are each incorpo-
rated in their entirety herein by reference, with the same full
force and effect as if set forth in their entirety herein, as
follows:

(1) McCorquodale, Michael S. et al., U.S. Pat. No. 7,227,
423, issued Jun. 5, 2007, entitled “Monolithic Clock
Generator and Timing/Frequency Reference,” from U.S.
patent application Ser. No. 11/084,962, filed Mar. 21,
2005 (the “first related application™), which claims pri-
ority to McCorquodale, Michael S., U.S. Provisional
Patent Application Ser. No. 60/555,193, filed Mar. 22,
2004, entitled “Monolithic and Top-Down Clock Syn-
thesis with Micromachined Radio Frequency Refer-
ence”;

(2) McCorquodale, Michael S. et al., U.S. Pat. No. 7,248,
124, issued Jul. 24, 2007, entitled “Frequency Calibra-
tion for a Monolithic Clock Generator and Timing/Fre-
quency Reference,” from U.S. patent application Ser.
No. 11/232,409, filed Sep. 20, 2005 (the “second related
application”), which is a continuation-in-part of and
claims priority to U.S. patent application Ser. No.
11/084,962;

(3) Carichner, Gordon et al., U.S. patent application Ser.
No. 11/805,427, filed May 23, 2007, entitled “Fre-
quency Calibration for a Monolithic Clock Generator
and Timing/Frequency Reference” (the “third related
application”), U.S. Patent Application Publication No.
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2007022529, which is a continuation-in-part of and
claims priority to McCorquodale, Michael S. et al., U.S.
patent application Ser. No. 11/232,409;

(4) McCorquodale, Michael S. et al., U.S. patent applica-
tion Ser. No. 11/384,973, filed Mar. 20, 2006, entitled
“Discrete Clock Generator and Timing/Frequency Ref-
erence” (the “fourth related application™), U.S. Patent
Application Publication No. 20060158268, which is a
continuation-in-part of and claims priority to McCor-
quodale, Michael S. et al., U.S. patent application Ser.
No. 11/084,962;

(5) McCorquodale, Michael S. et al., U.S. patent applica-
tion Ser. No. 11/384,758, filed Mar. 20, 2006, entitled
“Integrated Clock Generator and Timing/Frequency
Reference” (the “fifth related application), U.S. Patent
Application Publication No. 20060152293, which is a
continuation-in-part of and claims priority to McCor-
quodale, Michael S. et al., U.S. patent application Ser.
No. 11/084,962;

(6) McCorquodale, Michael S. et al., U.S. patent applica-
tion Ser. No. 11/384,605, filed Mar. 20, 2006, entitled
“Inductor and Capacitor-Based Clock Generator and
Timing/Frequency Reference” (the “sixth related appli-
cation”), U.S. Patent Application Publication No.
20060158267, which is a continuation-in-part of and
claims priority to McCorquodale, Michael S. et al., U.S.
patent application Ser. No. 11/084,962;

(7) Pernia, Scott M. et al., U.S. patent application Ser. No.
11/233,414, filed Sep. 21, 2005, entitled “Low-Latency
Startup for a Monolithic Clock Generator and Timing/
Frequency Reference” (the “seventh related applica-
tion”), U.S. Patent Application Publication No.
20060017519, which is a continuation-in-part of and
claims priority to McCorquodale, Michael S. et al., U.S.
patent application Ser. No. 11/084,962;

(8) Pernia, Scott M. et al., U.S. patent application Ser. No.
11/950,707, filed Dec. 5, 2007, entitled “Clock, Fre-
quency Reference, and Other Reference Signal Genera-
tor” (the “eighth related application™); and

(9) McCorquodale, Michael S. et al., U.S. Pat. No. 7,227,
424, issued Jun. 5, 2007, entitled “Transconductance
and Current Modulation for Resonant Frequency Con-
trol and Selection” from U.S. patent application Ser. No.
11/085,372, filed Mar. 21, 2005 (the “ninth related appli-
cation”), which claims priority to McCorquodale,
Michael S., U.S. Provisional Patent Application Ser. No.
60/555,193, filed Mar. 22, 2004, entitled “Monolithic
and Top-Down Clock Synthesis with Micromachined
Radio Frequency Reference”.

In addition, the various control methodologies and other fea-
tures, such as spread spectrum functionality, unit capacitance,
and so on, are equally applicable to the circuit configurations
of'the related applications, and are also within the scope of the
present invention.

As illustrated in FIG. 2, the reference signal generator 100
provides one or more output reference signals, such as a clock
or reference signal having any of a plurality of frequencies,
selected using frequency (and/or mode) selector 205. In
accordance with the invention, the oscillator 210 generates a
signal having a comparatively high frequency, f,. Due to PVT
or age variations mentioned above, the frequency controller
215 is utilized to frequency select or tune the oscillator 210,
such that the oscillation frequency f, is selectable from a
plurality of potential oscillation frequencies, i.e., the fre-
quency controller 215 provides for output signals having
frequencies which are accurate over PVT and age variations.
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A variety of exemplary frequency controllers 215, 315 (FIG.
3) are discussed in greater detail below.

For example, given these PVT variations, the output fre-
quency from an oscillator, such as oscillator 210, could poten-
tially vary as much as plus or minus 5%. For some applica-
tions, such as those utilizing ring oscillators, such frequency
variability may be acceptable. In accordance with the present
invention, however, greater accuracy for the reference signal
generator 100, 200, 300, 400, 500, 600 is desirable, particu-
larly for more sensitive or complex applications, such as
providing clock signals for integrated microprocessors,
microcontrollers, digital signal processors, communication
controllers, and so on. As a consequence, frequency control-
ler 215, 315 is utilized to adjust for these PVT variations, such
that the output frequency from the oscillator is the selected or
desired frequency f, with much less variance by several
orders of magnitude, such as £0.25% or less, and having a
comparatively low+jitter. In addition, various embodiments of
the reference signal generator 100 also provide for such stable
frequency control with the aging of the integrated circuitry.

To improve performance and decrease jitter (noise) and
other interference, instead of generating a low frequency
output and multiplying it up to a higher frequency, as is
typically done using PLLs and DLLs, the present invention
generates a comparatively high frequency output, f,, which is
then divided to one or more lower frequencies (f; through f)),
using frequency (and/or mode) selector 205, which may
include a frequency divider (not separately illustrated) and
may also include a square-wave generator, such as illustrated
in the various related applications. Reference or clock signals
having one or more of the plurality of frequencies from a
frequency divider may then be selected, using frequency
(and/or mode) selector 205. As indicated above, such fre-
quency selection is provided glitch-free and with low latency,
providing comparatively and significantly fast and glitch-free
frequency switching. In addition, a plurality of operating
modes are provided as an option, using mode selection capa-
bility of frequency (and/or mode) selector 205.

Alternatively, one or more reference signals provided
directly as one or more output signals, with the frequency
(and/or mode) selector 205 providing merely basic /O func-
tions such as impedance matching and output drivers, or the
frequency (and/or mode) selector 205 may be omitted, with
1/0O functionality provided by an 1/O interface 120.

FIG. 3 is a block diagram illustrating in greater detail a
second exemplary apparatus embodiment, reference signal
generator 200, in accordance with the teachings ofthe present
invention. Referring to FIG. 3, reference signal generator 200
comprises a frequency controller 315, an oscillator 310, a
reference voltage generator 345, and one or more coefficient
registers 350 (as a more specific type or instantiation of a
memory, as described/defined below). The reference signal
generator 200 may also include a frequency (and/or mode)
selector 205 and/or an 1/O interface 120 as previously dis-
cussed, and may also include a low-latency start-up module
356 (as described in the seventh related application). The
reference signal generator 200 may also comprise or be cou-
plable to a frequency calibration module 230 (as described in
the second and third related applications).

In this embodiment, the oscillator 310 comprises a resona-
tor 320 and a sustaining amplifier 305, while the frequency
controller 315 comprises a common mode controller 325, an
amplitude controller 330, controlled reactance modules 335
(also referred to equivalently as controlled reactances), and a
control voltage generator 340.

The amplitude controller 330 is utilized to sense and con-
trol the peak amplitude of the signal generated by the reso-
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nator 320, and thereby control the resonant frequency (f,) of
the resonator 320, by determining or varying the amount of
current input into the resonator 320 in selected embodiments.
By doing so, the amplitude controller 330 decreases the sen-
sitivity of the resonator 320 to variations in bias voltage,
power supply voltage and other voltages, providing for a
substantially more constant, selected resonant frequency (f,)
of the resonator 320.

The common mode controller 325 is utilized to sense and
control a common mode voltage level of the resonator 320,
and also thereby control the resonant frequency (f,) of the
resonator 320, also by determining or varying the amount of
current input into the resonator 320 in selected embodiments.
By doing so, the common mode controller 325 decreases the
sensitivity of the resonator 320 to variations in transistor
gate-to-source and threshold voltages due to transistor (or
device) aging, such as due to changes in transistor threshold
voltage from sources such as oxide tunneling and hot carrier
effect, thereby also providing for a substantially more con-
stant, selected resonant frequency (1) of the resonator 320
over time, and especially over longer periods of time (years).

The exemplary controlled reactance modules 335 are one
or more switchable or otherwise controllable modules having
areactance component (a reactive impedance), such as one or
more inductors or capacitors, any or all of which may be fixed
or variable. In accordance with the exemplary embodiments,
and as discussed in greater detail below and in the related
applications, the switching of the controlled reactance mod-
ules 335 to the resonator 320, or the modification of a control
voltage (“V ") applied to a controlled reactance module
335 coupled to the resonator 320, is utilized to select or alter
the resonant frequency (f,) of the resonator 320. For example,
during an initial calibration, an amount of reactance is deter-
mined, for coupling to the resonator 320, to select the reso-
nant frequency (f,) of the resonator 320. Various calibration
methods and systems are disclosed in the second and third
related applications. The calibration determines a plurality of
control coefficients, stored in control coefficient register(s)
350, which are then utilized to provide the corresponding
switching of different amounts of capacitance (or other reac-
tance) to the resonator 320 or switching to a control voltage or
other voltage (e.g., V,, or ground). Through such a calibra-
tion process which determines the amount of reactance effec-
tively coupled to the resonator 320, frequency control is pro-
vided for the resonator 320, enabling selection and
adjustment of the oscillation frequency (resonant frequency
(f,)) separately and/or independently of process variations
inherent in semiconductor fabrication technologies, includ-
ing both process variations within a given foundry (e.g., batch
or run variations, variations within a given wafer, and die-to-
die variations within the same wafer) and process variations
among different foundries and foundry processes (e.g., 130
nm and 90 nm processes)).

Also for example, in accordance with the present inven-
tion, a control voltage (“V ;") generated by control voltage
generator 340 is utilized to determine an amount of variable
capacitance presented or coupled to the resonator 320 by the
controlled reactance modules 335, such that varying the con-
trol voltage correspondingly varies the amount of capacitance
(of varactors comprising the controlled reactance modules
335) which, in turn, correspondingly varies the resonant fre-
quency (f,) of the resonator 320. A plurality of configurations
of the controlled reactance modules 335 are discussed below
and illustrated in FIGS. 27-31.

The control voltage generator 340 is also utilized to pro-
vide for a substantially more constant, selected resonant fre-
quency (f,) of the resonator 320 in response to variations in
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temperature (or another parameter), such as variations of the
operating temperature of the system 150, 900, 950, as the
system 150, 900, 950 may generate heat during operation,
may be subject to heat from additional devices, and may be
subject to temperature fluctuations due to ambient or other
operating temperature variations. The control voltage genera-
tor 340 is utilized to provide a corresponding control voltage
which tracks such temperature changes (V -, (T)) and which,
in turn, affects the amount of effective capacitance or other
reactance coupled to the resonator 320, with corresponding
effects on the resonant frequency (f,,) of the resonator 320.

Such a temperature-dependent control voltage (V (1))
may beutilized to affect the resonant frequency f, through, for
example, modifying the effective reactance or impedance
(e.g., capacitance, inductance or resistance) coupled to and
effectively forming part of the resonator 310. For example,
the effective reactance (or impedance) may be modified by
coupling to or decoupling from the resonator 320 fixed or
variable capacitances, or by modifying the magnitudes of one
or more reactances which are already coupled to the resona-
tor, such as by modifying a control voltage or other continu-
ous control parameter. In other embodiments, the control
voltage (V.(T)) may be utilized to modify the current
through the resonator 310 and sustaining amplifier 305, also
affecting the resonant frequency.

In the various illustrated embodiments discussed below,
the control voltage generator 340 is generally implemented to
utilize a temperature parameter, such that a substantially
stable resonant frequency f,, is provided over variations in
operating temperature. It will be understood by those of skill
in the art that the control voltage generator 340 and control-
lers 325, 330 may be implemented to provide a substantially
stable resonant frequency f; as a function or in response to
other variable parameters, such as variations due to fabrica-
tion process, voltage variations, aging, and other frequency
variations.

The reference voltage generator 345 is utilized to provide
reference voltages for use by the control voltage generator
340, the common mode controller 325, and the amplitude
controller 330, in addition to other components. The refer-
ence voltage generator 345 includes a conditioning circuit
structure used for some of the reference voltages, described
below, such that the reference voltage which is generated also
tracks and is a function of corresponding fabrication process
variations, temperature fluctuations, and IC aging.

For clock signal generation, reference signal generator
100, 200, 300, 400, 500, 600 may utilize a frequency divider
(in frequency (mode) selector 205) to convert the output
oscillation frequency f, to a plurality of lower frequencies (f;
through f,), and may utilize a square wave generator (also in
frequency (mode) selector 205) to convert a substantially
sinusoidal oscillation signal to a substantially square wave
signal for clock applications. Frequency (mode) selector 205
then provides for selection of one or more of the available
output signals having the plurality of frequencies, and may
also provide for operating mode selection, such as providing
a low power mode, a pulsed mode, a reference mode, and so
on. Using these components, the reference signal generator
100, 200, 300, 400, 500, 600 provides a plurality of highly
accurate (over PVT), low jitter, and stable output frequencies,
f,, f; through £, with minimal to negligible frequency drift
due to such PVT variations, thereby providing sufficient
accuracy and stability for sensitive or complex applications,
as mentioned above.

The sustaining amplifier 305 provides for both start-up and
sustaining amplification for the resonator 320. The resonator
320 may be any type of resonator which stores energy, such as
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an inductor (L) and a capacitor (C) coupled to form an LC-
tank, where the L.C-tank has a selected configuration of a
plurality of LC-tank configurations, or is otherwise electri-
cally or electromechanically equivalent to or otherwise typi-
cally represented in the art as an inductor coupled to a capaci-
tor. Such an LC-resonator is illustrated as resonator 320B in
FIG. 4. FIG. 4 is a high-level schematic and block diagram
illustrating in greater detail such an exemplary resonator 320
(illustrated as resonator 320B), exemplary controlled reac-
tance modules 335, illustrated as modules 420, 425, and an
exemplary frequency calibration module 230 in accordance
with the teachings of the present invention. In addition to LC
resonators, other resonators are considered equivalent and
within the scope of the present invention; for example, the
resonator 320 may be a ceramic resonator, a mechanical
resonator (e.g., XTAL), a microelectromechanical
(“MEMS”) resonator, or a film bulk acoustic resonator. In
other cases, various resonators may be represented by elec-
trical or electromechanical analogy as L.C resonators, and are
also within the scope of the present invention.

In exemplary embodiments, an LC-tank has been utilized
as a resonator 320, to provide for a high Q-value for a com-
pletely integrated solution. A plurality of LC-tank configura-
tions and other circuit configurations were described in the
sixth related application, such as a double-balanced, differ-
ential L.C configuration (also illustrated in FIGS. 4, 5 and 6
herein); a differential n-MOS cross-coupled topology; a dif-
ferential p-MOS cross-coupled topology; a single-ended Col-
pitts LC configuration; a single-ended Hartley LC configura-
tion; a differential, common base Colpitts L.C configuration;
a differential, common collector Colpitts L.C configuration; a
differential, common base Hartley L.C configuration; a difter-
ential, common collector Hartley L.C configuration; a single-
ended Pierce LC oscillator, a quadrature L.C oscillator con-
figuration, and an active inductor configuration. Any and all
such LC and active inductor configurations are considered
equivalent and within the scope of the present invention.

For example, as illustrated in FIG. 4, the oscillator 310 is
embodied as a resonant LLC tank 320B with a sustaining
amplifier 305, and may be equally described as a harmonic
oscillator or harmonic core, and all such variations are within
the scope of the present invention. It should be noted that
while the resonant [.C tank 320B is an inductor 435 in parallel
with a capacitor 440, other circuit topologies are also known
and equivalent to that illustrated, such as an inductance in
series with a capacitance, and the other L.C configurations
mentioned above. Another such equivalent topology is illus-
trated in FIGS. 5 and 6. In addition, as indicated above, other
types of resonators may be utilized and all are considered
equivalent to the exemplary resonant [.C tank illustrated
herein. Moreover, as discussed in greater detail below, addi-
tional capacitances and/or inductances, both fixed and vari-
able (and referred to more generally as impedances or reac-
tances (or reactive elements)), are distributed in the various
controlled reactance modules 335 and effectively form part of
the resonant LC tank 320B (and 320A and 320C) and are
utilized as part of the frequency controller 315 of the inven-
tion. In addition, corresponding resistances (resistive compo-
nents of the various impedances) R; 445 and R 450 are
illustrated separately, but should be understood to be intrinsic
to the inductor 435 and capacitor 440, respectively, occurring
as part of fabrication, and are not additional or separate com-
ponents from the respective inductor 435 and capacitor 440.
In addition, such inductances, capacitances, and resistances
may also vary with temperature, and are therefore illustrated
as fixed and variable capacitances C(T) 321, C,(T) 322,
inductance [(T) 323, and resistances R;(T) 445 and R(T)
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450 in FIGS. 5 and 6. Conversely, such additional or intrinsic
(parasitic) resistances can also be included as part of com-
pensation for PVT variations, as discussed in the fourth, fifth
and sixth related applications. Accordingly, while for ease of
reference the various modules 335 are referred to as con-
trolled “reactance” modules 335, it should be understood that
in any selected embodiment, such reactances may more gen-
erally mean and include any type of impedance, whether
reactive, resistive, or both, such as the modules 895 illustrated
in FIG. 30. In addition, any of the various reactance modules
illustrated with capacitances (or capacitors) may be equiva-
lently implemented with inductances (or inductors).

The inductor 435, capacitor 440, and controlled reactance
modules 335 of the resonant LC tank or oscillator 405 are
sized to substantially or approximately provide the selected
oscillation frequency, f,, or range of oscillation frequencies
around f,. In addition, inductor 435, capacitor 440 and con-
trolled reactance modules 335 may be sized to have or to meet
IC layout area requirements, with higher frequencies requir-
ing less area. Those of skill in the art will recognize that
f=1/ 2nVTC, but only as a first order approximation because,
as discussed below, other factors such as the resistances R,
and R, any additional resistors (or, more generally, imped-
ances), along with temperature and fabrication process varia-
tions and other distortions, affect f,,, and may be included in
second and third order approximations. For example, the
inductor 435 and capacitor 440 may be sized to generate a
resonant frequency in the 1-5 GHz range; in other embodi-
ments, higher or lower frequencies may be desirable, and all
such frequencies are within the scope of the invention. In
addition, the inductor 435 and capacitor 440 may be fabri-
cated using any semiconductor or other circuitry process
technology, and may be CMOS-compatible, bipolar-junction
transistor-compatible, for example, while in other embodi-
ments, the inductor 435 and capacitor 440 may be fabricated
using silicon-on-insulator (SOI), metal-insulator-metal
(MiM), polysilicon-insulator-polysilicon (PiP), GaAs,
strained-silicon, semiconductor heterojunction technologies,
or MEMS-based (microelectromechanical) technologies,
also for example and without limitation. It should be under-
stood that all such implementations and embodiments are
within the scope of the invention. In addition, other resonator
and/or oscillator embodiments, in addition to or instead of the
resonant L.C tank 320B, may also be utilized and are also
within the scope of the present invention. As used herein, “L.C
tank” will mean and refer to any and all inductor and capacitor
circuit layouts, configurations or topologies which may pro-
vide oscillation, however embodied. It should be noted that
the capability of the oscillator 310 to be fabricated using a
conventional process, such as CMOS technology, allows the
reference signal generator 100, 200, 300, 400, 500, 600 to be
fabricated integrally and monolithically with other circuitry,
such as the second circuitry 180, and provides a distinct
advantage of the present invention.

In addition, the capacitance 440 illustrated in FI1G. 4 is only
aportion of the overall capacitance involved in the resonance
and frequency determination of the resonant L.C tank 320B,
and may be a fixed capacitance in an exemplary embodiment.
In selected embodiments, this fixed capacitance may repre-
sent approximately 10% to 90% of the total capacitance ulti-
mately utilized in the oscillator, as an example. Alternatively,
the capacitance 440 may also be implemented as a variable
capacitance, if desired. As discussed in greater detail below,
the overall capacitance is distributed, such that additional
fixed and variable capacitance is selectively included within
the reference signal generator 100, 200, 300, 400, 500, 600,
and is provided, for example, by components of the frequency
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controller 315, to provide for both selecting the resonant
frequency f, and to allow the resonant frequency f, to be
substantially stable over and substantially independent of
temperature variations, aging, voltage variations, and fabri-
cation process variations.

In the selected embodiments, the inductance 435 has been
fixed, but also could be implemented in a variable manner, or
as a combination of fixed and variable inductances. As a
consequence, those of skill in the art will recognize that the
detailed discussions of fixed and variable capacitance, for
both frequency tuning and temperature and fabrication pro-
cess independence, pertain similarly to inductance choices.
For example, different inductances could be switched in or
out of the oscillator, to similarly provide tuning. In addition,
a single inductor’s inductance may also be modulated. As a
consequence, all such inductance and capacitance variations
are within the scope of the present invention, and are illus-
trated as switchable, variable and/or fixed reactive elements
or components. For ease of reference, such reactances are
illustrated as inductance 323, fixed capacitance(s) 321 and
variable capacitance(s) 322 in FIGS. 5 and 6.

It should be noted that the terms “fixed” and “variable” are
utilized as known in the art, with “fixed” being understood to
mean configured generally to be non-varying with respect to
aselected parameter, and “variable” meaning configured gen-
erally to be varying with respect to the selected parameter. For
example, a fixed capacitor generally means that its capaci-
tance does not vary as a function of an applied voltage, while
a variable capacitor (varactor) will have a capacitance which
does vary as a function of applied voltage. Both, however,
may have and generally will have capacitances which vary as
a function of fabrication process variation. In addition, a fixed
capacitor may be formed as a varactor coupled to a constant
voltage, for example. Similarly, components may be coupled
to each other either directly or indirectly or, stated another
way, operatively coupled or coupled via signal transmission.
For example, one component may be coupled to a second
component via a third component, such as through a switch-
ing arrangement, a divider, a multiplier, etc. Those of skill in
the art will recognize these various circumstances and con-
texts, as illustrated and as discussed below, and what is meant
when such terms are utilized.

Also as illustrated in FIGS. 4-6, the resonant L.C tank 320
(illustrated as specific instantiations 320A, 320B and 320C)
and resulting output signal, referred to as a first (output)
signal at nodes “A” and “B” (nodes or lines 470 and 475), is
a differential signal and provides common-mode rejection.
Other configurations, including non-differential or other
single-ended configurations are also within the scope of the
present invention. For example, in single-ended configura-
tions, only one instantiation of the various modules (e.g., 485,
460) would be required, rather than the use of two for a
balanced configuration as illustrated. Similarly, other compo-
nents and features discussed below, such as frequency divid-
ers, would also have a single-ended rather than differential
configuration. Such additional exemplary LC oscillators,
both differential and single-ended, are discussed below and in
the related applications, in addition to the differential LC
oscillators illustrated in FIGS. 4-6. In addition, various
embodiments illustrated utilize MOSFET transistors (metal
oxide semiconductor field effect transistors) in various forms
(such as CMOS, accumulation-mode MOSFET (“AMOS™),
inversion-mode MOSFET (“IMOS”), and so on); other
implementations are also available, such as using bipolar
junction transistors (“BJTs”), BiCMOS, etc. All such
embodiments are considered equivalent and are within the
scope of the present invention.
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FIG. 5 is a circuit and block diagram illustrating a third
exemplary apparatus embodiment, reference signal generator
400, in accordance with the teachings of the present inven-
tion. FIG. 6 is a circuit and block diagram illustrating a fourth
exemplary apparatus embodiment, reference signal generator
500, in accordance with the teachings of the present inven-
tion. As illustrated in FIGS. 5 and 6, reference signal genera-
tor 400 and reference signal generator 500 differ with regard
to the circuit configuration of the respective L.C-tanks 320A
and 320C, the circuit locations of amplitude controller 330A,
330B and common mode controller 325A, 325B, and the use
of operational amplifiers 360, 375 (respectively in amplitude
controller 330A and common mode controller 325A) in con-
trast with comparators 361, 376 (respectively in amplitude
controller 330B and common mode controller 325B), and
otherwise function substantially identically. In addition,
FIGS. 5 and 6 illustrate in greater detail exemplary instantia-
tions of an amplitude controller 330 and a common mode
controller 325, illustrated in FIGS. 5 and 6 as amplitude
controllers 330A, 330B and common mode controllers 325A,
325B, and an exemplary instantiation of a sustaining ampli-
fier 305, illustrated as cross-coupled negative transconduc-
tance amplifiers 305A and 305C (comprising transistors M1,
M2, M3, and M4). The following discussion of the operation
of reference signal generators 400 and 500 is equally appli-
cable to reference signal generator 300 of FIG. 4.

FIG. 7 is a graphical diagram illustrating resonant fre-
quency as a function of current as utilized in accordance with
the teachings of the present invention. More specifically, the
amplitude controller 330 will regulate (and maintain substan-
tially constant) the peak amplitude of the resonant frequency
signal across differential nodes “A” and “B” (lines or nodes
470, 475), by comparing the peak amplitude with a first
reference voltage (VREF, ) and, in turn, correspondingly con-
trolling the amount of current input (from a variable current
source 355) into the sustaining amplifier 305A, 305C and L.C
resonator 320A, 320C. The amplitude controller 330 will
thereby maintain the level of current within the region illus-
trated as region 411, with the resulting signal having com-
paratively less harmonic content, such that any variation in
current produces considerably less variation in resonant fre-
quency, compared with frequency variations created by cur-
rent fluctuations at higher current levels. The amplitude con-
troller 330 thereby reduces the sensitivity of the reference
signal generator 100, 200, 300, 400, 500, 600 to fluctuations
in bias voltages, power supply and other voltages, for
example, and operates to maintain the resonant frequency (f,)
substantially stable despite such variations. The amplitude
controller 330 provides an additional benefit as well, namely,
reducing power consumption by maintaining a comparatively
lower current through the sustaining amplifier 305A, 305C
and LC resonator 320A, 320C. As discussed below, the com-
mon mode controller 325 also controls the current through the
sustaining amplifier 305A, 305C and LC resonator 320A,
320C.

Referring again to FIGS. 5 and 6, the amplitude controller
330 and common mode controller 325 provide two indepen-
dent controls, with separate feedback circuits (or feedback
loops) from the differential nodes “A” and “B” of the resona-
tor 320, which serve in conjunction with the control voltage
generator 340 to maintain the resonant frequency f, substan-
tially constant despite variations in temperature, bias voltage,
power supply voltage, and other circuit parameters which
may vary over time, such as changes in transistor threshold
voltages (or, correspondingly, gate-to-source voltages) which
may occur with aging, such as due to oxide tunneling and/or
a hot carrier effects.
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Exemplary amplitude controllers 330 are illustrated in
FIG. 5 as amplitude controller 330A and in FIG. 6 as ampli-
tude controller 330B. While illustrated as coupled to the
power supply voltage rail V5, in FIG. 5, the amplitude con-
troller 330A may instead be coupled to ground, as illustrated
in FIG. 6 for amplitude controller 330B, essentially switching
locations in the circuit with the common mode controller 325.
As discussed below with respect to FIG. 34, a power rail
having a voltage lower than V,,, may also be utilized. In
addition, those of skill in the art will recognize that additional
circuit configurations may be utilized to implement the
amplitude controller 330, in addition to the illustrated ampli-
tude controllers 330A, 330B, and all such variations are con-
sidered equivalent and within the scope of the present inven-
tion.

Amplitude controller 330A comprises an amplitude detec-
tor (or sensor) 365 and an operational amplifier 360, and may
also include a variable current source 355 (which may be
implemented as one or more transistors, such as in a cascode
configuration or a current mirror configuration, for example,
as illustrated in FIG. 33). Amplitude controller 330B com-
prises an amplitude detector (or sensor) 365 and a comparator
361, and may also include a variable current source 355 (also
which may be implemented as one or more transistors, such
as in a cascode configuration or a current mirror configura-
tion). (A plurality of such cascode and current mirror con-
figurations are illustrated and discussed in the related appli-
cations, and such current sources also may be otherwise
implemented as known or becomes known in the electronic
arts). In addition to a variable current, the current input into
the sustaining amplifier 305A, 305C and L.C resonator 320A,
320C may also include a fixed current (from a fixed current
source, as illustrated in FIG. 11, and not separately illustrated
in FIGS. 5 and 6), such that a first portion of the current input
into the sustaining amplifier 305A, 305C and L.C resonator
320A, 320C is fixed, while a second portion of the current is
variable and controlled by the amplitude detector 365 and
operational amplifier 360 (or comparator 361).

The amplitude detector 365 is adapted to determine the
magnitude of the peak amplitude of the resonant frequency
signal across differential nodes “A” and “B”. There are innu-
merable ways to implement such an amplitude detector 365,
and an exemplary amplitude detector circuit 565 is discussed
below with reference to FIG. 8. The magnitude of the peak
amplitude of the resonant frequency signal may be deter-
mined during any one or more half-cycles of the oscillation,
as the signals appearing on differential nodes “A” and “B” are
180 degrees out of phase with each other. The magnitude of
the peak amplitude is then effectively compared by the opera-
tional amplifier 360 or comparator 361 with the first reference
voltage (VREF,) provided by reference voltage generator
345, and as a result of the comparison, a corresponding con-
trol signal is provided to the variable current source 355.

More specifically, referring to FIG. 5, a first reference
voltage (VREF,) corresponding to a selected or desired mag-
nitude of the peak amplitude has been predetermined, such as
through a previously performed calibration or a design pro-
cess. The operational amplifier 360 will provide a corre-
sponding control signal to the variable current source 355, to
increase or decrease the current input into the sustaining
amplifier 305A, 305C and LC resonator 320A, 320C, to
effectively force the magnitude of the peak amplitude (as a
corresponding voltage level determined by the amplitude
detector 365) to substantially equal the first reference voltage
(VREF),) level. Once the magnitude of the peak amplitude is
substantially equal to the first reference voltage (VREF,)
level, the corresponding control signal from the operational
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amplifier 360 to the variable current source 355 will tend to
maintain that corresponding current level being input into the
sustaining amplifier 305A, 305C and LC resonator 320A,
320C, with adjustments as may be needed based on the feed-
back provided through the amplitude detector 365.

Also more specifically, referring to FIG. 6, comparator 361
will compare the magnitude of the peak amplitude (as a
corresponding voltage level determined by the amplitude
detector 365 to a predetermined first reference voltage
(VREF)) corresponding to a selected or desired magnitude of
the peak amplitude. As a result of the comparison, the com-
parator 361 will provide a corresponding control signal to the
variable current source 355, to increase or decrease the cur-
rent input into the sustaining amplifier 305A, 305C and L.C
resonator 320A, 320C, also effectively forcing the magnitude
of'the peak amplitude (as a corresponding voltage level deter-
mined by the amplitude detector 365) to substantially equal
the first reference voltage (VREF, ) level. Once the magnitude
of the peak amplitude is substantially equal to the first refer-
ence voltage (VREF, ) level, the corresponding control signal
from the comparator 361 to the variable current source 355
will tend to maintain that corresponding current level being
input into the sustaining amplifier 305A, 305C and LC reso-
nator 320A, 320C, with adjustments as may be needed based
on the feedback provided through the amplitude detector 365.

As a consequence, through this first feedback circuit (or
first feedback loop), the magnitude of the peak amplitude of
the resonant frequency signal across nodes “A” and “B” is
maintained substantially constant at a predetermined level
corresponding to the predetermined, first reference voltage
(VREF,) level. (Such a correspondence may be substantially
equal to the first reference voltage (VREF ) level or substan-
tially equal to a scaled version of the first reference voltage
(VREF, ) level, e.g., based upon how the corresponding volt-
age level at differential nodes “A” or “B” may be determined
by the amplitude detector 365). As indicated above, the result-
ing current regulation maintains the resonant frequency f,
substantially constant over variations in bias voltages, power
supply voltages, etc.

At a high level, the common mode controller 325 operates
similarly to the amplitude controller 330, but serves to main-
tain substantially constant a common mode voltage across
differential nodes “A” and “B”, rather than a magnitude of a
peak amplitude. Exemplary common mode controllers 325
are illustrated in FIG. 5 as common mode controller 325A and
in FIG. 6 as common mode controller 325B. While illustrated
as coupled to the ground rail in FIG. 5, the common mode
controller 325A may instead be coupled to the power supply
voltage rail V,, as illustrated in FIG. 6 for common mode
controller 325B, essentially switching locations in the circuit
with the amplitude controller 330. As mentioned above and as
discussed below with respect to FIG. 34, a power rail having
a voltage lower than V,, may also be utilized. In addition,
those of skill in the art will recognize that additional circuit
configurations may be utilized to implement the common
mode controller 325, in addition to the illustrated common
mode controllers 325A and 325B, and all such variations are
considered equivalent and within the scope of the present
invention.

The common mode controller 325 is utilized to maintain
substantially constant the common mode voltage level of the
resonant frequency signal across differential nodes “A” and
“B”, i.e., the DC level of the oscillation (the DC level about
which the resonant frequency signal oscillates). Without such
control from the common mode controller 325, the common
mode voltage level at differential nodes “A” and “B” would
tend to change over time, due to aging-related changes in
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transistor threshold voltages and gate-to-source voltages,
such as due to oxide tunneling and hot carrier effects, for
example. In turn, that potential change in common mode
voltage level could have an additional effect, namely, chang-
ing the voltage level across the variable reactances (capaci-
tances), such as variable capacitance 322, which is deter-
mined by the voltage levels at nodes “A”, “B” and
corresponding control voltages provided to the variable reac-
tances (capacitances). In that event, the effective reactance
across the resonator 320 would also change, resulting in a
corresponding and undesirable change in resonant frequency.
Accordingly, the common mode controller 325 maintains this
common mode voltage level substantially constant, thereby
operating to maintain the resonant frequency (f,) substan-
tially stable despite such parameter variations which may
occur due to temperature fluctuations, aging, voltage varia-
tions, and fabrication process variations.

Common mode controller 325A comprises a common
mode detector (or sensor) 370 and an operational amplifier
375, and may also include a variable current source 380
(which may be implemented as one or more transistors, such
as in a current mirror configuration, for example). Common
mode controller 325B comprises a common mode detector
(or sensor) 370 and a comparator 376, and may also include a
variable current source 380 (which may be implemented as
one or more transistors, such as in a current mirror configu-
ration, for example). In addition to a variable current, the
current input into the sustaining amplifier 305A, 305C and
LC resonator 320A, 320C may also include a fixed current
(from a fixed current source, as illustrated in FIG. 11 and not
separately illustrated in FIGS. 5 and 6), such that a first
portion of the current input into the sustaining amplifier
305A, 305C and LC resonator 320A, 320C is fixed, while a
second portion of the current is variable and controlled by the
common mode detector 370 and operational amplifier 375.

The common mode detector 370 is adapted to determine
the common mode voltage level of the resonant frequency
signal across differential nodes “A” and “B”. There are innu-
merable ways to implement such a common mode detector
370, and an exemplary common mode detector circuit 670 is
discussed below with reference to FIG. 10. The common
mode voltage level of the resonant frequency signal may be
determined during any one or more cycles of the oscillation,
providing the DC level of the oscillation. The common mode
voltage level is then effectively compared by the operational
amplifier 375 or comparator 376 with a second reference
voltage (VREF,) provided by reference voltage generator
345, and as a result of the comparison, a corresponding con-
trol signal is provided to the variable current source 380.

More specifically, referring to FIG. 5, a second reference
voltage (VREF,) corresponding to a selected or desired com-
mon mode voltage level has been predetermined, such as
through a previously performed calibration or a design pro-
cess, typically a predetermined level above ground to avoid
distortion. The operational amplifier 375 will provide a cor-
responding control signal to the variable current source 380,
to increase or decrease the current input into the sustaining
amplifier 305A, 305C and LC resonator 320A, 320C, to
effectively force the common mode voltage level (as a corre-
sponding voltage level determined by the common mode
detector 370) to substantially equal the second reference volt-
age (VREF,) level. Once the common mode voltage level is
substantially equal to the second reference voltage (VREF,)
level, the corresponding control signal from the operational
amplifier 375 to the variable current source 380 will tend to
maintain that corresponding current level being input into the
sustaining amplifier 305A, 305C and LC resonator 320A,
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320C, with adjustments as may be needed based on the feed-
back provided through the common mode detector 370.

Also more specifically, referring to FIG. 6, comparator 376
will compare the common mode voltage level (as a corre-
sponding voltage level determined by the common mode
detector 370) with a predetermined, second reference voltage
(VREF,) corresponding to a selected or desired common
mode voltage level, also typically a predetermined level
above ground to avoid distortion. As a result of the compari-
son, the comparator 376 will provide a corresponding control
signal to the variable current source 380, to increase or
decrease the current input into the sustaining amplifier 305A,
305C and LC resonator 320A, 320C, also effectively forcing
the common mode voltage level (as a corresponding voltage
level determined by the common mode detector 370) to sub-
stantially equal the second reference voltage (VREF,) level.
Once the common mode voltage level is substantially equal to
the second reference voltage (VREF,) level, the correspond-
ing control signal from the comparator 376 to the variable
current source 380 will tend to maintain that corresponding
current level being input into the sustaining amplifier 305A,
305C and LC resonator 320 A, 320C, with adjustments as may
be needed based on the feedback provided through the com-
mon mode detector 370.

As aconsequence, through this second feedback circuit (or
second feedback loop), the common mode voltage level of the
resonant frequency signal across nodes “A” and “B” is main-
tained substantially constant at a predetermined level corre-
sponding to the predetermined, second reference voltage
(VREF,) level. (Such a correspondence also may be substan-
tially equal to the second reference voltage (VREF,) level or
substantially equal to a scaled version of the second reference
voltage (VREF,) level, e.g., based upon how the correspond-
ing common mode voltage level at differential nodes “A” or
“B” may be determined by the common mode detector 370).
As indicated above, the resulting substantially stable com-
mon mode voltage level maintains the resonant frequency f,,
substantially constant over parameter variations such as tem-
perature fluctuations, aging, voltage variations, and fabrica-
tion process variations, etc.

Asaresult of these two feedback mechanisms, the resonant
frequency f,, of the resonator 320 of the reference signal
generator 100, 200, 300,400, 500, 600 is maintained substan-
tially constant over parameter variations, such as variations in
bias voltage or power supply voltage, temperature fluctua-
tions, aging, and fabrication process variations. In order to
provide convergence of these two feedback circuits (and
avoid the feedback from the two loops potentially working
against each other), the two feedback loops are designed to
operate at different speeds in accordance with the exemplary
embodiments of the invention. More specifically, the com-
mon mode controller 325 is adapted to operate comparatively
faster than the amplitude controller 330, converging com-
paratively quickly to the predetermined or selected common
mode voltage level of the oscillation (typically predetermined
and provided as VREF,). The amplitude controller 330,
which is adapted to operate comparatively slower than the
common mode controller 325, then more slowly converges
the magnitude of the oscillation amplitude to the predeter-
mined or selected magnitude (the amplitude magnitude above
and below the common mode voltage level) (typically prede-
termined and provided as VREF,). Typically for reference
signal generator 400, the operational amplifier 375 is
designed to have a comparatively low gain, and therefore a
higher bandwidth and faster operation, compared to opera-
tional amplifier 360. Additional gain (for the variable current
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source 380) may then be provided by transistor sizing of
corresponding current mirrors, as known in the art, for
example.

The circuit structures illustrated in FIGS. 5 and 6 have an
additional benefit, namely, providing less sensitivity to the
power and ground rails. More particularly, with the variable
current sources 355, 380 respectively coupled to the power
and ground rails, respectively, or vice-versa, the resonant
frequency signal has a voltage level fluctuating a predeter-
mined distance (magnitude) from both the power and ground
rails, providing greater immunity to various types of noise
and other distortions.

FIG. 8 is a circuit diagram illustrating an exemplary ampli-
tude detector 565 embodiment in accordance with the teach-
ings of the present invention. As mentioned above, an ampli-
tude detector 365 may be implemented in innumerable ways;
accordingly, the illustrated amplitude detector 565 is merely
exemplary, and should not be regarded as limiting the scope
of'the invention. As illustrated in FIG. 8, the amplitude detec-
tor 565 is symmetrical for coupling to and providing substan-
tially equal loading of the differential nodes “A” and “B”. The
output from the amplitude detector 565 may be from either
node “C” ornode “C'” (C prime), and coupled to the inverting
node of operational amplifier 360 or one of the two inputs of
comparator 361, as illustrated in FIGS. 5 and 6. Not sepa-
rately illustrated, in the event an output will be utilized from
both nodes “C” and “C", a differential to single-ended (D2S)
converter may be utilized to then provide a single output.
During operation, when its voltage level is comparatively
high (e.g., having a large amplitude during a first, positive
portion of the oscillation), the resonant frequency signal on
differential node “A” will turn on transistor 505 (depending
on its gate-to-source voltage, with its source voltage deter-
mined by the capacitor 515) and provide a current path to
charge capacitor 515, and will also turn on transistor 510,
providing a second current path through current source 520.
When its voltage level is comparatively lower (e.g., having a
small amplitude during a first, positive portion of the oscilla-
tion), and depending upon the voltage of the capacitor 515,
the resonant frequency signal on differential node “A” may
not have sufficient voltage to turn on transistor 505 (also
depending on its gate-to-source voltage, with its source volt-
age determined by the capacitor 515), but may be sufficient to
turn on transistor 510 and provide a discharge path for capaci-
tor 515, also with current source 520 tending to pull the
source of transistor 510 toward ground. When its voltage level
is even lower (e.g., during a second, negative portion of the
oscillation, depending on the common mode voltage level of
the oscillation), the resonant frequency signal on differential
node “A” may not have sufficient voltage to turn on transistor
505 or transistor 510, isolating the capacitor 515 and allowing
the capacitor 515 to hold its charge.

Similarly during operation, when its voltage level is com-
paratively high (e.g., having a large amplitude), the resonant
frequency signal on differential node “B” will turn on tran-
sistor 535 (depending on its gate-to-source voltage, with its
source voltage determined by the capacitor 545) and provide
a current path to charge capacitor 545, and will also turn on
transistor 540, providing a second current path through cur-
rent source 520. When its voltage level is comparatively lower
(e.g., having a small amplitude), and depending upon the
voltage of the capacitor 545, the resonant frequency signal on
differential node “B” may not have sufficient voltage to turn
on transistor 535 (also depending on its gate-to-source volt-
age, with its source voltage determined by the capacitor 545),
but may be sufficient to turn on transistor 540 and provide a
discharge path for capacitor 545, also with current source 520
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tending to pull the source of transistor 540 toward ground.
When its voltage level is even lower (e.g., during a second,
negative portion of the oscillation, depending on the common
mode voltage level of the oscillation), the resonant frequency
signal on differential node “B” also may not have sufficient
voltage to turn on transistor 535 or transistor 540, isolating the
capacitor 545 and allowing the capacitor 545 to hold its
charge.

Following start up, as the voltage on the capacitor 515, 545
will not yethave charged to its steady-state level, such that the
voltage provided on nodes C or C' (C-prime) will be lower
than a predetermined level (in comparison to VREF1), and the
operational amplifier or comparator 361 will provide a cor-
responding signal to variable current source 355 to increase
the current to the sustaining amplifier 305A, 305C and L.C
resonator 320A, 320C, which will serve to increase the mag-
nitude of the amplitude of the oscillation. Over a plurality of
cycles following start up, and subject to leakage currents and
other sources of voltage dissipation, as the amplitude of the
resonant frequency signal increases toward its predetermined
magnitude, the capacitor 515, 545 will charge to a corre-
sponding voltage level (i.e., charge through transistor 505,
535 more than it discharges through transistor 510, 540),
converging to this voltage level at steady-state, as determined
by its capacitance and by the relative on-times and sizes of
transistors 505, 510 or 535, 540. The corresponding voltage
level of the capacitor 515, 545 then provides a relative or
indirect measure of the magnitude of the amplitude (i.e., a
larger amplitude provides a longer on time of both of the
transistors 505, 510 or 535, 540 and increases the voltage on
capacitor 515, 545), and is correlated with the desired or
predetermined peak magnitude of the amplitude of the reso-
nant frequency signal. The desired or predetermined corre-
sponding voltage level of the capacitor 515, 545 should be
designed to be substantially equal (or scaled) to the first
reference voltage (VREF)) level, and predetermined to pro-
vide the desired magnitude of the amplitude of the resonant
frequency signal. Any ripple in the voltage level of the capaci-
tor 515, 545 may be filtered by a corresponding low pass filter
525, 530, with the resulting voltage level (representing the
magnitude of the amplitude of the resonant frequency signal)
provided to the inverting node of operational amplifier 360 or
one of the inputs of comparator 361, for use in providing the
amplitude control discussed above.

FIG. 9 is a circuit diagram illustrating an exemplary refer-
ence voltage generator 550 and reference voltage condition-
ing circuit 585 embodiment in accordance with the teachings
of'the present invention. Depending upon the circuit structure
of the amplitude controller 330, common mode controller
325, and control voltage generator 340, a reference voltage
(provided by a voltage source such as a band-gap voltage
generator 575) should be “conditioned” by a reference volt-
age conditioning circuit (such as exemplary reference voltage
conditioning circuit 585), to provide consistency in the volt-
age levels used for comparisons, substantially eliminating
differences which might otherwise arise due to changing
parameters from fabrication process variations, temperature,
aging, etc. For example, the exemplary reference voltage
conditioning circuit 585 may be utilized to accommodate
changes in transistor threshold voltages and gate-to-source
voltages which may occur over time, due to temperature
variations, as well as fabrication process variations, as men-
tioned above. Therefore, to provide a first reference voltage
(VREF, ) level for use by the amplitude detector 565, a similar
circuit structure (one-half of the symmetric amplitude detec-
tor 565, comprising transistors 555, 560, capacitor 580 and
current source 570) is combined with the band-gap voltage
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generator 575. The reference voltage (VREF) provided by the
band-gap voltage generator 575 is then modified using the
same circuit configuration of the amplitude detector 565,
providing a resulting first reference voltage (VREF)) level
that has the same or similar variation over time or fabrication
process as amplitude detector 565, and thereby continues to
provide an accurate correspondence to the voltage level pro-
vided by the amplitude detector 565.

Depending upon the circuit structure of the amplitude con-
troller 330, common mode controller 325, and control voltage
generator 340, a reference voltage (provided by a voltage
source such as a band-gap voltage generator 575) may each be
separately “conditioned” by a corresponding reference volt-
age conditioning circuit, i.e., reference voltage conditioning
circuits which each correspond to a respective circuit imple-
mentation of the amplitude controller 330, common mode
controller 325, and control voltage generator 340. For
example, an exemplary common mode detector 670 illus-
trated below utilizes a passive circuit structure and is not
subject to changes in transistor threshold voltages and gate-
to-source voltages and, accordingly, the second reference
voltage (VREF,) level utilized for comparison in an exem-
plary embodiment does not need to be conditioned to track
such changes. In addition, and not separately illustrated, any
of the various reference voltage levels may be further level-
shifted or divided, such as through suitable voltage dividers,
to provide any selected or predetermined voltage level, as
known or may become known in the electronic arts. Depend-
ing upon the implementation of the control voltage generator
340, the third reference voltage (VREF;) level utilized may or
may not be conditioned by a corresponding conditioning
circuit.

FIG. 10 s a circuit diagram illustrating an exemplary com-
mon mode detector 670 embodiment in accordance with the
teachings of the present invention. As mentioned above, a
common mode detector 370 may be implemented in innumer-
able ways; accordingly, the illustrated common mode detec-
tor 670 is merely exemplary, and should not be regarded as
limiting the scope of the invention. As illustrated in FIG. 10,
the common mode detector 670 essentially functions as a low
pass filter and is symmetrical for coupling to and providing
substantially equal loading of the differential nodes “A” and
“B”. The output from the common mode detector 670 is at
node “D” and is coupled to the inverting node of operational
amplifier 375 or to one of the inputs of comparator 376, as
illustrated in FIGS. 5 and 6. An optional buffer 612 may also
be utilized to provide the output at node “D”, as illustrated.
The resistors 605, 610 of the common mode detector 670 are
sized to have a comparatively large resistance, e.g., 20 k
Ohms, to decrease or minimize loading on the L.C-tank 320,
and a capacitor 615 has a comparatively small capacitance to
provide low pass filtering. During operation, the resonant
frequency signal on differential node “A” will provide a volt-
age across resistor 605 and charge capacitor 615, and the
resonant frequency signal on differential node “B” will pro-
vide a voltage across resistor 610 and also charge capacitor
615. With the rejection of high frequency components pro-
vided by the filter capacitor 615, the signals on each differ-
ential nodes “A” and “B” combine or are summed, providing
a DC voltage level at node “D” corresponding to the common
mode voltage level. The resulting voltage level (representing
the common mode voltage level of the resonant frequency
signal) is provided to the inverting node of operational ampli-
fier 375 or to one of the inputs of comparator 376, for use in
providing the common mode voltage level control discussed
above. Also as mentioned above, for this type of implemen-
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tation, the second reference voltage (VREF,) level is not
conditioned in exemplary embodiments.

FIG. 11 is a circuit diagram illustrating exemplary fixed
and variable current source embodiments in accordance with
the teachings of the present invention. As mentioned above,
the current sources 355 and 380 may be comprised of a
combination of one or more fixed current sources 620 and
variable current sources 625, to provide both the desired level
of current into and the desired control of the current into the
sustaining amplifier 305A, 305C and LC resonator 320A,
320C. In addition, the various current sources may be selected
to provide comparatively stable current levels over tempera-
ture and other parameter variations, such as by utilizing
topologies such as a CTAT (complementary to absolute tem-
perature) current source 701, a PTAT (proportional to abso-
lute temperature) current source 702, or a PTAT? proportional
to absolute temperature squared) current source 703, as illus-
trated in FIGS. 22, 23 and 24, respectively, and combinations
of CTAT, PTAT, and PTAT?, as illustrated in FIG. 25. In each
case, the resulting current injected into the sustaining ampli-
fier 305A, 305C and L.C resonator 320A, 320C may have a
temperature dependence, such as increasing current (PTAT
and PTAT?) or decreasing current (CTAT) as a function of
increasing temperature, as illustrated. One or more combina-
tions of these temperature-responsive current generators may
also be implemented, as illustrated in FIG. 25, such as CTAT
in parallel with PTAT, for example, and also may be respec-
tively scaled through appropriate transistor sizing of current
mirrors, also for example. Such combinations may be
selected such that the overall, combined current produced
(I(x)) does not have a temperature dependence, with any
selected current level then being substantially constant over
temperature variations. This is particularly useful for provid-
ing fixed current sources 620, with any current variation
provided through variable current sources controlled by the
common mode controller 325 and the amplitude controller
330 using the two feedback mechanisms discussed above.

The selection of a particular temperature-responsive or
temperature-dependent current generator is also a function of
the fabrication process utilized; for example, CTAT may be
utilized for a Taiwan Semiconductor (TSMC) fabrication pro-
cess. More generally, as different fabricators utilize different
materials, such as aluminum or copper, R; typically varies,
resulting in different temperature coefficients which, in turn,
change the temperature coefficient of the oscillator, thereby
requiring differences in I(T) compensation. Correspondingly,
different ratios of CTAT, PTAT, and PTAT? compensation
may be required to provide an effectively flat frequency
response as a function of temperature. For example, the band-
gap voltage generator 575 may be configured to utilize dif-
ferent ratios of CTAT, PTAT, and PTAT? compensation to
provide an effectively flat reference voltage as a function of
temperature. Not separately illustrated, the various tempera-
ture-responsive current generators illustrated in FIG. 22-25
may include a start-up circuit. In addition, the transistors
comprising the selected temperature-responsive current gen-
erator configuration may be biased differently, such as biased
in strong inversion for CTAT (M7 and M8) and PTAT® (M13
and M14), and in subthreshold for PTAT (M9 and M10) and
PTAT? (M11 and M12), for the exemplary topologies illus-
trated.

FIG. 12 is a circuit and block diagram illustrating an exem-
plary first control voltage generator 640 embodiment in
accordance with the teachings of the present invention. In the
exemplary embodiments, the resulting control voltage pro-
vided exhibits a temperature-dependence, V -, (T), which
may then be utilized to maintain the resonant frequency (f;,)
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substantially stable despite such temperature variations. For
example, resulting changes in the control voltage V . (T)
have the further effect of modifying the effective capacitance
presented to the L.C-tank (resonator) 320 by the variable
capacitances 322 or other variable reactances or impedances,
thereby substantially “canceling” the temperature response of
the L.C-tank (resonator) 320 which would otherwise occur,
and maintaining the resonant frequency (f,) substantially
constant. In exemplary embodiments of the control voltage
generator 640, the first current source 630 and second current
source 635 are typically selected to have opposing responses
to temperature variation. For example, first current source
630 may be a CTAT current source 701, while second current
source 635 may be a PTAT or PTAT? current source 702, 703.
In addition, as indicated above, various combinations of
CTAT, PTAT, and PTAT? current sources may be utilized to
provide any desired temperature response.

A third reference voltage (VREF;) level is provided to the
non-inverting node of the operational amplifier 645, and may
be a conditioned reference voltage, or may be provided
directly by the band-gap voltage reference 575 with any
desired voltage level shifting or scaling. The inverting node of
the operational amplifier 645 is coupled to the first and second
current sources 630, 635 and to a variable resistance 655. The
variable resistance 655 may be configured in innumerable
ways, with an exemplary first variable resistance 655A circuit
configuration illustrated as comprising a bank of resistors
656, 656, through 656, , which are switched in or out of the
circuit (and thereby vary the overall resistance provided by
variable resistor 655A) by corresponding transistors (660,
660, through 660, ) under the control of a plurality of control
coefficients a,, a,, through a,,, which may be calibrated or
otherwise predetermined in advance of system 150, 900, 950
operation, and stored in coefficient register(s) 350. The com-
parative resistances of resistors 656, 656, through 656, may
be weighted in any of a plurality of ways, such as binary
weighting or unit weighting. Other circuit configurations may
also be utilized to provide a variable resistance 655, such as
the “R2R” configuration illustrated in FIG. 20 and discussed
below, and any and all such configurations are considered
equivalent and within the scope of the invention.

In exemplary embodiments, to provide a consistent
response over parameter variations, such as variations due to
aging, temperature, and fabrication process, the resistors
656,, 656, through 656, may all be implemented using the
same type of resistor, such as diffusion resistors, or chemical
vapor deposition resistors, or polysilicon resistors, for
example. This concept of utilizing the same type of resistors
may also be extended to other circuits within reference signal
generator 100, 200, 300, 400, 500, 600, such as the common
mode detector 670 and the various current sources (e.g.,
CTAT, PTAT, and PTAT?), for example. In an exemplary
embodiment, the same type of resistor has been utilized
throughout the system 150, 900, 950. The resistors may be
any type, such as diffusion resistors (p or n), polysilicon,
metal resistors, salicide or unsalicide polysilicon resistors, or
well resistors (p or n well), for example. In other embodi-
ments, combinations of different types of resistors may also
be utilized, with all such variations considered equivalent and
within the scope of the invention.

Appropriate selection of the first current source 630 (e.g.,
CTAT or selected combinations of CTAT, PTAT, and/or
PTAT?) and the second current source 635 (e.g., PTAT,
PTAT?, or selected combinations of CTAT, PTAT, and/or
PTAT?) can be utilized to provide a resulting control voltage
which has a substantially linear response with temperature,
and which does not vary substantially due to aging or fabri-
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cation process. FIGS. 13A and 13B, are graphical diagrams
illustrating control voltage as a function of temperature as
utilized in accordance with the teachings of the present inven-
tion. At a temperature (illustrated as T, ) where the first current
1, (from first current source 630) is substantially equal to the
second current I, (from the second current source 635), the
resulting control voltage V.., (T) linear response may be
selected (lines 680, 681, or 682) by appropriate selection of a
reference voltage (at the non-inverting input of operational
amplifier 645), such as a fourth reference voltage (VREF,)
level, the third reference voltage (VREF;) level, or the second
reference voltage (VREF,) level, as illustrated in FIG. 13A.
In this case, using the third reference voltage (VREF;), the
resulting control voltage V .., (T) is substantially equal to the
third reference voltage (VREF;) level at temperature T,. The
slope of such a substantially linear response (i.e., the rate of
change of the control voltage with a change in temperature) is
then adjustable by selection of a resistance value of the vari-
able resistor 655, i.e., variable resistor 655 is utilized to adjust
the gain, such that a change in the resistance value of resistor
655 modifies the slope of the control voltage response with
temperature (lines 683, 684, 685, 686, 687, or 688, corre-
sponding to resistance values R ;, Rz, R, R, R, and R), as
illustrated in FIG. 13B. These selections of the third reference
voltage (VREF;) level and the resistance value of variable
resistor 655 may be and typically are made during a calibra-
tion procedure.

The resulting control voltage V .. (T) is then substantially
equal to the third reference voltage (VREF;) level plus or
minus the voltage across the variable resistor 655. For
example, when the first current source 630 is CTAT and the
second current source 635 is PTAT, and when temperature
increases, the first current I, decreases and the second current
1, increases. As the operational amplifier 645 may source or
sink current, the resulting control voltage will increase with
the increase in temperature, by an amount substantially equal
to the voltage generated across the resistance 655. A larger or
smaller resistance value will then generate a larger or smaller
voltage difference for the same difference in first and second
currents (thereby changing the slope of the control voltage
response with temperature). During calibration, appropriate
coefficients may be selected such that the resulting control
voltage V -, (T), by controlling the effective reactance pre-
sented to the LC-tank (resonator) 320, may effectively cancel
the temperature response of the L.C-tank (resonator) 320
which would otherwise occur, resulting in maintaining the
resonant frequency (f;) substantially stable despite such tem-
perature variations.

FIG. 14 is a circuit and block diagram illustrating an exem-
plary second control voltage generator 641 embodiment in
accordance with the teachings of the present invention. In the
second control voltage generator 641, two variable current
sources 631, 632 (illustrated as provided by a band-gap volt-
age divided by a corresponding resistance R, or R,) are uti-
lized to provide offset currents to adjust the DC value of the
resulting control voltage V . (T), and otherwise functions as
previously discussed for the first control voltage generator
640. The resulting control voltage V - (T) also is then sub-
stantially equal to the voltage of the non-inverting node of
operational amplifier 645 (which is substantially equal to the
third reference voltage (VREF,) level) plus or minus the
voltage across the variable resistor 655, which has the added
contribution from the two variable current sources 631, 632.
This second control voltage generator 641 embodiment is
particularly useful when the various reference voltages hav-
ing different voltage levels, such as VREF;, may not be avail-
able, and only one reference voltage (e.g., directly from a
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band-gap voltage generator 575) is available. The various
temperature dependencies of resistance R, and R, also may
be utilized to offset any temperature dependence of variable
resistance 655.

FIG. 15 is a circuit and block diagram illustrating an exem-
plary third control voltage generator 642 embodiment in
accordance with the teachings of the present invention. In the
third control voltage generator 642, a variable current source
633 is digitally controlled, such as by using control coeffi-
cients, and is utilized to provide an adjustable reference volt-
age (across resistor 634) for input into operational amplifier
645, which correspondingly adjusts the DC level of the result-
ing control voltage V -, (T), and otherwise functions as pre-
viously discussed for the first control voltage generator 640.
The resulting control voltage V. (T) is then substantially
equal to the voltage of the inverting node of operational
amplifier 645 (which is substantially equal to the voltage level
of the non-inverting node of operational amplifier 645) plus
or minus the voltage across the variable resistor 655. The
temperature dependency of resistor 634 also may be utilized
to offset any temperature dependence of variable resistance
655.

FIG. 16 is a circuit and block diagram illustrating an exem-
plary fourth control voltage generator 643 embodiment in
accordance with the teachings of the present invention. In the
fourth control voltage generator 643, a fixed or variable cur-
rent source 637 (illustrated as a provided by a band-gap
voltage (V) divided by aresistance R | ) through a resistance
636 (R,) is utilized to provide a reference voltage input into
the non-inverting node of operational amplifier 645. A CTAT
current source 701 is utilized to provide the temperature
dependence of the resulting control voltage V ., (T). In com-
parison to the first control voltage generator 640 (when it is
configured with the first current source 630 being a CTAT
current source and the second current source 635 being a
PTAT or PTAT? current source having an opposing tempera-
ture dependence), for a given resistance of variable resistor
655, the fourth control voltage generator 643 provides for a
larger change in the resulting control voltage V -, (T) for the
same variation in temperature, and otherwise functions simi-
larly to the first control voltage generator 640 as previously
discussed. The resulting control voltage V .z (T) is then sub-
stantially equal to the voltage of the inverting node of opera-
tional amplifier 645 (which is substantially equal to the volt-
age level of the non-inverting node of operational amplifier
645) minus the voltage across the variable resistor 655, and
reaches a maximum when the CTAT current is zero.

FIG. 17 is a circuit and block diagram illustrating an exem-
plary fifth control voltage generator 644 embodiment in
accordance with the teachings of the present invention. In the
fifth control voltage generator 644, a fixed or variable current
source 637 (also illustrated as a provided by a band-gap
voltage (V) divided by a resistance R | ) through a resistance
636 (R;), and a PTAT current source 702 (which could also be
a PTAT? current source), are utilized to provide a reference
voltage input into the non-inverting node of operational
amplifier 645. Both the PTAT current source 702 and a CTAT
current source 701 are utilized to provide the temperature
dependence of the resulting control voltage V ., (T). In com-
parison to the first control voltage generator 640 (when it is
configured with the first current source 630 being a CTAT
current source and the second current source 635 being a
PTAT or PTAT current source having an opposing tempera-
ture dependence), and in comparison to the fourth control
voltage generator 643, for a given resistance of variable resis-
tor 655, the fifth control voltage generator 644 provides for a
larger change in the resulting control voltage V -, (T) for the
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same variation in temperature, and otherwise functions simi-
larly to the first control voltage generator 640 and fourth
control voltage generator 643 as previously discussed. The
resulting control voltage V ., (T) also is then substantially
equal to the voltage of the inverting node of operational
amplifier 645 (which is substantially equal to the voltage level
of'the non-inverting node of operational amplifier 645) minus
the voltage across the variable resistor 655.

FIG. 18 is a circuit and block diagram illustrating an exem-
plary sixth control voltage generator 646 embodiment in
accordance with the teachings of the present invention. In this
embodiment, the sixth control voltage generator 646 utilizes
two stages 618 and 617, with two operational amplifiers,
645A and 645B. In the sixth control voltage generator 646, a
fixed or variable current source 637 (illustrated as a provided
by a band-gap voltage (V) divided by a resistance R))
through aresistance 636 (R;) is utilized to provide a reference
voltage input into the respective non-inverting nodes of
operational amplifiers 645A and 645B. Second stage 617
operates similarly to the fourth control voltage generator 643
as previously discussed. With regard to the first stage 618, as
temperature increases, the current provided by the PTAT cur-
rent source 702 (which could also be a PTAT current source)
also increases, resulting in a voltage at node 619 substantially
equal to the voltage of the inverting node of operational
amplifier 645A (which is substantially equal to the voltage
level of the non-inverting node of operational amplifier 645A)
minus the voltage across the resistor 638 (R,). Due to the
voltage at the inverting node of operational amplifier 645B
also be greater than the voltage at node 619, there is a net
current into the output of operational amplifier 645A, which
acts as a current sink, helping to eliminate the use of NMOS
current sinks and reduce flicker noise. The resulting control
voltage V -, (T) also is then substantially equal to the voltage
of' the inverting node of operational amplifier 645B (which is
substantially equal to the voltage level of the non-inverting
node of operational amplifier 645B) minus the voltage across
the variable resistor 655.

FIG. 19 is a circuit and block diagram illustrating an exem-
plary seventh control voltage generator 647 embodiment in
accordance with the teachings of the present invention. The
seventh control voltage generator 647 functions similarly to
the third control voltage generator 642 discussed above, but
with an equivalent variable resistance 655C provided using
two variable current sources 746 (1;,) and 747 (I5,,) and two
(fixed) resistors 658 and 659. The variable current sources
746 (15,) and 747 (I1;,) may each be comprised of one or
more current unit cells 750, discussed below with reference to
FIG. 21, with the amount of current provided being digitally
controlled through the various control coefficients. The resis-
tors 658 and 659 may be utilized to effectively cancel the
temperature dependence (or temperature coefficient) of resis-
tor 636 (utilized in generating the reference voltage input into
the non-inverting node of operational amplifier 645). In addi-
tion, the variable resistance 655C (comprising two variable
current sources 746 (1;,) and 747 (1,,) and two (fixed) resis-
tors 658 and 659) also can be utilized to provide a constant
offset from the voltage at the inverting node of operational
amplifier 645 (which substantially equals the voltage at the
non-inverting node of operational amplifier 645). When the
first and second current sources 630, 635 provide tempera-
ture-dependent currents, e.g., when the first current source
630 is CTAT and the second current source 635 is PTAT, the
resulting control voltage also is temperature-dependent. The
resulting control voltage V -, (T) is then substantially equal
to the voltage of the inverting node of operational amplifier
645 (which is substantially equal to the voltage level of the
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non-inverting node of operational amplifier 645) plus or
minus the voltage across resistors 658 (R ) and 659 (R ;).

FIG. 20 is a circuit diagram illustrating an exemplary sec-
ond variable resistor 655B embodiment in accordance with
the teachings of the present invention. The second variable
resistor 655B is implemented utilizing a “R-2R DAC” circuit
configuration. Switches 740 are utilized to control the overall
resistance value provided by second variable resistor 655B by
switching in or out the various resistor modules under the
control of control coefficients (a,, a,, through a,), such as
using a “temperature” coding of the control coefficients, pro-
viding corresponding unit increments of resistance. Resistors
730 generally have twice the resistance value (2R ) of resistors
735 (R). In addition, in an exemplary embodiment, current
sources 745 are provided by current mirrors, and provide a
current of four-times the illustrated IA current. For example,
the IA current is typically the difference between the currents
provided by first and second current sources 630, 635, such as
when the first current source 630 is CTAT and the second
current source 635 is PTAT.

FIG. 21 is a circuit and block diagram illustrating an exem-
plary current source unit cell 750 embodiment in accordance
with the teachings of the present invention. As mentioned
above, an array (not separately illustrated) formed by cou-
pling together the outputs 758 of a plurality of such current
source unit cells 750 may be utilized to form a variable
current source, with the number of such cells 750 selected
using control coefficients (via decoding logic (block 747) and
transistors 752, 753), and with transistors 752, 753 switched
on or off to control whether current is being provided to the
output 758. Each such current source unit cell 750 provides an
incremental current of I, with the resulting overall current
provided being a multiple, nl;, where n is the number of such
current source unit cell 750 which are selected by the control
coefficients to be providing an output current. As illustrated,
the current source unit cell 750 is comprised of a plurality of
PMOS transistors 753, 754, 755 in a cascode configuration
and a plurality of NMOS transistors 751, 752, 756. When
transistors 752, 753 are on and conducting, current from the
transistors 751, 754 is diverted away from the output 758, and
when off and not conducting, current I; is provided at the
output 758, as the difference between the current sourced by
the PMOS transistors 754, 755 and the current sunk by the
NMOS transistors 751, 756. In other embodiments, such
current source unit cel