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(57) ABSTRACT 

A method and apparatus for digitally controlling the capaci 
tance of an integrated circuit device using MOS-FET 
devices. In accordance With one aspect of the present 
invention, a one-bit or “binary” varactor is presented 
Wherein the gate-to-bulk capacitance of the MOS-FET 
device exhibits dependency to a DC. voltage applied 
betWeen its gate and Well implant regions. The capacitance 
voltage characteristic of the binary capacitor has three major 
regions: (1) a ?rst relatively ?at region having little or no 
voltage dependency and having a capacitance equal to a ?rst 
loW capacitance of C1; (2) a sloped region Wherein a voltage 
dependency exists; and (3) a second relatively ?at region 
Where there is little or no voltage dependency and Where the 
capacitance equals a second higher capacitance of C2. The 
capacitance of the binary capacitor can be changed from C1 
to C2 simply by changing the polarity of the applied DC. 
voltage from a positive to a negative value. A plurality of 
binary capacitors are con?gured in a parallel arrangement to 
produce a digitally controlled capacitor. The digitally con 
trolled capacitor can be used in any integrated circuit 
requiring a tightly controlled tuned network. One applica 
tion is a voltage-controlled oscillator (VCO) Wherein the 
center output frequency of the VCO is calibrated by digitally 
modifying the capacitance of the VCO’s digitally controlled 
capacitor. A means for determining Whether the VCO 
requires calibration and a means for calibrating the center 
output frequency of the VCO is presented. 

We 
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METHOD AND APPARATUS FOR CALIBRATING A 
FREQUENCY ADJUSTABLE OSCILLATOR IN AN 

INTEGRATED CIRCUIT DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is application is a divisional application of 
US. application Ser. No. 09/304,443, ?led May 3, 1999, 
entitled “Method and Apparatus for Digitally Controlling the 
Capacitance of an Integrated Circuit Device Using MOS 
Field Effect Transistors”, to issue on Apr. 3rd, 2001 as US. 
Pat. No.: 6,211,745. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to integrated circuit devices, 
and more particularly to a method and apparatus for digitally 
controlling the capacitance of integrated circuit components 
using MOS ?eld effect transistors. 

[0004] 2. Description of Related Art 

[0005] One Well-knoWn problem to those skilled in the art 
of the design and manufacture of integrated circuits is the 
poor tolerance values associated With integrated circuit 
components, especially the tolerance values of passive cir 
cuit components. Due to process variations, device param 
eter spread, variations in critical parameters such as con 
ductive layer sheet resistance values, ?lm thickness, process 
uniformity and manufacturing equipment cleanliness, and 
other factors, integrated circuit passive electrical compo 
nents often have tolerances that are approximately an order 
of magnitude Worse than their analogous discrete eXternal 
passive electrical components. Consequently, it has proven 
dif?cult and costly in the past to implement tuned netWorks 
or circuits using on-chip passive electrical components. One 
such tuned circuit is a voltage-controlled oscillator (VCO) in 
Which a number of passive electrical devices are typically 
utiliZed to establish both the operating frequency and fre 
quency offset of the VCO. 

[0006] One Well-knoWn solution to this tolerance problem 
is to “trim” the integrated circuit until it operates Within a set 
of pre-de?ned post-fabrication parameters. These “post 
fabrication trimming” techniques are performed after manu 
facturing and testing the integrated circuit and are designed 
to physically alter the integrated circuit using a variety of 
methods including “Zener-Zapping”, laser trimming and 
fuse trimming. For eXample, using Well-knoWn fuse trim 
ming techniques, fuseable links in an integrated circuit can 
be bloWn until the integrated circuit performs adequately 
under selected nominal conditions. Using these post-fabri 
cation trimming techniques, passive electrical devices can 
be “?ne-tuned” until they have acceptable tolerance values 
under nominal conditions. Disadvantageously, the trimming 
techniques produce only static solutions. For eXample, in 
fuse trimming, although the devices may perform 
adequately under nominal conditions, they may not perform 
adequately under all of the operating conditions of the 
integrated circuit. HoWever, disadvantageously, the inte 
grated circuit is permanently con?gured once the fuses are 
bloWn. 

[0007] For eXample, as the voltage and temperature of the 
integrated circuit varies over time, offsets can be introduced 
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despite the static settings created during the fuse trimming 
process. Devices that Were once usable under the nominal 
conditions at Which the fuses Were bloWn may become 
unusable under some operating conditions, thus adversely 
affecting yield characteristics of the integrated circuits. In 
addition, the prior art post-fabrication solutions disadvanta 
geously introduce additional manufacturing and testing 
steps into the manufacturing process. Using these prior art 
approaches, the manufacturer must ?rst measure perfor 
mance characteristics, trim the integrated circuits to conform 
to a selected set of performance and tolerance criteria, and 
test the results to ensure that the integrated circuit is trimmed 
appropriately. Thus, the prior art post-fabrication trimming 
techniques add additional time to the design and fabrication 
of integrated circuit devices and consequently add to the 
manufacturing costs of the integrated circuits. 

[0008] Therefore, an improved method for improving the 
tolerances of passive electrical devices in an integrated 
circuit is needed Which does not require the use of post 
fabrication trimming techniques. Further, an improved 
method and apparatus is needed Which dynamically moni 
tors and corrects the performance characteristics of inte 
grated circuits under all operating conditions. The improved 
method and apparatus should monitor and correct the per 
formance characteristics of tuned netWorks especially as 
these performance characteristics are adversely affected by 
poor tolerances of on-chip passive electrical devices. 

[0009] FIG. 1 shoWs a prior art attempt at solving the 
problem of implementing tuned circuits using on-chip pas 
sive electrical devices having poor or unacceptable tolerance 
values. As shoWn in FIG. 1, using an integrated sWitchable 
capacitor circuit 100, tWo terminals of an integrated tuned 
circuit (i.e., terminal A 101 and terminal B 103) can be 
selectively coupled to a bank of sWitchably connected 
capacitors (C1 through Cn). Each of the capacitors is selec 
tively coupled betWeen the terminals 101, 103 by closing an 
associated and respective coupling sWitch Sn. For eXample, 
capacitor C1 102 is coupled betWeen the terminals 101, 103 
by closing an associated sWitch S1 110. Similarly, capacitor 
C2 104 is coupled betWeen the terminals 101, 103 by closing 
an associated sWitch S2 112. Finally, capacitor CD 108 is 
coupled betWeen the terminals 101, 103 by closing an 
associated sWitch SD 116. Because the individual capacitors 
are connected in a parallel con?guration, the total capaci 
tance betWeen the terminals 101, 103 is equal to the sum of 
the individual capacitors that are sWitched into the circuit 
(assuming that the sWitches do not also introduce capaci 
tance to the circuit). By electrically connecting the terminals 
101, 103 to a tuned circuit that is on the same integrated 
circuit as the sWitchable capacitor circuit 100, the capacitors 
can be selectively sWitched in and out of the tuned circuit, 
thereby changing the capacitance betWeen the terminals 101, 
103 to a desired value. Thus, despite the poor tolerance 
characteristics of the capacitors C1 through Cn, the tuned 
circuit can be adjusted to operate Within desired parameters 
by simply changing the capacitance betWeen terminals A 
101 and B 103. 

[0010] Disadvantageously, this prior art approach is unde 
sirable When the tuned circuit operates at relatively high 
frequencies. For eXample, When the tuned circuit operates in 
the GHZ range of operating frequencies, the bank of 
sWitches (e.g., 110, 112, 114, and 116) introduce signi?cant 
loss into the tuned circuit and thereby degrade the circuit’s 
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performance characteristics. The prior art solution shoWn in 
FIG. 1 also disadvantageously increases both the amount of 
space (i.e., integrated circuit real estate) and the amount of 
poWer required to accommodate and operate the sWitches. 
PoWer requirements are increased due to the DC. current 
required to operate the bank of sWitches. 

[0011] Therefore, a need eXists for a method and apparatus 
that can overcome the disadvantages associated With the 
prior art solutions and that Will facilitate the integration of 
tuned capacitor netWorks on a single integrated circuit. The 
need eXists for an apparatus that facilitates the full integra 
tion of a calibrated tuned capacitor netWork such as a 
voltage-controlled oscillator (VCO). In addition, the need 
eXists for an apparatus and method that can dynamically 
calibrate an integrated tuned capacitor netWork such as a 
VCO. The present invention provides such a method and 
apparatus. The present method and apparatus uses a one-bit 
or “binary” capacitor formed from a MOSFET transistor that 
can be sWitched from a ?rst pre-determined capacitance 
value to a second pre-determined capacitance value by 
varying an applied control voltage betWeen ?rst and second 
pre-determined voltage values. A multi-bit digital capacitor 
can be implemented by connecting a bank of the binary 
capacitors in parallel, and by Weighting the individual 
capacitors as desired. The multi-bit digital capacitor alloWs 
capacitance values to be customiZed to any desired and 
convenient value. 

SUMMARY OF THE INVENTION 

[0012] The present invention is a novel apparatus com 
prising a one-bit or “binary” capacitor formed from a 
MOSFET integrated device that can be sWitched from a ?rst 
pre-determined capacitance value C1 to a second predeter 
mined capacitance value C2 by varying an applied control 
voltage betWeen a ?rst and a second pre-determined voltage 
value. An inventive multi-bit digital capacitor is imple 
mented by connecting a bank of the binary capacitors in 
parallel, and by Weighting the individual capacitors in a 
desired fashion. The multi-bit digital capacitor alloWs 
capacitance values Within an integrated circuit device to be 
customiZed to any desired and convenient value. 

[0013] The gate-to-bulk capacitance of the binary capaci 
tor is dependent upon the DC. voltage applied betWeen the 
gate of the device and electrically coupled Well contact 
implant regions. The capacitance-voltage characteristic of 
the binary capacitor has three major regions: (1) a ?rst 
relatively ?at region Where there is little or no voltage 
dependency and Where the capacitance equals a ?rst loW 
capacitance of C1; (2) a sloped region Wherein a voltage 
dependency eXists; and (3) a second relatively ?at region 
Where there is little or no voltage dependency and Where the 
capacitance equals a second higher capacitance of C2. Sim 
ply changing the polarity of the applied DC. voltage from 
a ?rst value to a second value abruptly changes the capaci 
tance of the binary capacitor from C1 to C2. 

[0014] In accordance With one aspect of the present inven 
tion, a plurality of binary capacitors is arranged in a parallel 
con?guration to produce a digitally controlled capacitor. 
Advantageously, the digitally controlled capacitor can be 
used in any integrated circuit that requires a tightly con 
trolled tuned netWork. One such application is a voltage 
controlled oscillator (VCO). In accordance With one aspect 
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of the present invention, the inventive digitally controlled 
capacitor is used in implementing a LC-resonator circuit, 
Which is part of a fully integrated VCO device. The LC 
resonance frequency of the LC-resonator is varied by digi 
tally modifying the capacitance of the LC tank circuit. The 
LC tank circuit is tuned With respect to an applied DC. 
control voltage. Process variations introduced during the 
integrated circuit manufacturing process require that the 
LC-resonance frequency be re-centered after fabrication. In 
accordance With the present invention, the center output 
frequency of the VCO is calibrated by digitally modifying 
the capacitance of the VCO’s digitally controlled capacitor. 
A means for determining Whether the VCO requires cali 
bration and a means for calibrating the center output fre 
quency of the VCO is also presented. 

[0015] Consequently, the inventive VCO can be imple 
mented in an integrated circuit design despite poor tolerance 
values typically associated With process variations in inte 
grated circuit fabrication. The present invention advanta 
geously increases the effectiveness of integrated circuit 
VCO designs, tuning netWorks, and the like. The present 
invention improves the performance of Wireless communi 
cation devices Without requiring the use of expensive and 
large discrete components. The present invention is particu 
larly useful in broadband Wireless digital communication 
systems such as CDMA cellular systems, hoWever it can also 
?nd utility in other communication systems such as those 
made in accordance With the proposed Bluetooth standard. 

[0016] The details of the preferred and alternative embodi 
ments of the present invention are set forth in the accom 
panying draWings and the description beloW. Once the 
details of the invention are knoWn, numerous additional 
innovations and changes Will become obvious to one skilled 
in the art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a prior art attempt at solving the problem 
of implementing tuned circuits using on-chip passive elec 
trical devices having poor or unacceptable tolerance values. 

[0018] FIG. 2 shoWs a simpli?ed cross-sectional vieW of 
a MOSFET structure con?gured for use as a “binary” 
capacitor in accordance With the present invention. 

[0019] FIG. 3 is a capacitance-voltage (CV) plot shoWing 
the dependency of the gate-to-bulk capacitance Cgawbulk 
versus the DC. bias voltage applied betWeen the gate and 
the Well of the binary capacitor shoWn in FIG. 2. 

[0020] FIG. 4a is a simpli?ed schematic shoWing the 
binary capacitor of FIG. 2 con?gured for use as a digitally 
controlled multi-bit digital capacitor having a digitally 
selectable and variable capacitance. 

[0021] FIG. 4b is a simpli?ed schematic representation of 
the digital capacitor of FIG. 4a. 

[0022] FIG. 5 is a plot shoWing hoW the capacitance of the 
multi-bit digital capacitor of FIG. 4a varies depending upon 
the digital control Word CALWord applied to the terminals of 
the plurality of binary capacitors shoWn in FIG. 4a. 

[0023] FIG. 6 shoWs a differential mode implementation 
of the digital capacitor of FIG. 4a. 

[0024] FIG. 7 is a schematic of a simple differential 
LC-oscillator circuit. 
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[0025] FIG. 8 shows a modi?ed version of the LC 
resonator circuit of FIG. 7 wherein the digital capacitor of 
FIG. 4a is connected in a parallel arrangement With an 
analog tuning varactor and a ?xed LC-tank circuit capacitor. 

[0026] FIG. 9 is a schematic of a calibrating voltage 
controlled oscillator (VCO) made in accordance With the 
present invention. 

[0027] FIG. 10 is a simpli?ed schematic of the calibrating 
VCO of FIG. 9 using a simpli?ed schematic representation 
of the digital capacitor of the present invention. 

[0028] FIG. 11 is a simpli?ed block diagram of a phase 
locked loop (PLL) circuit 600 using the VCO of FIGS. 9 
and 10. 

[0029] FIG. 12 is a simpli?ed block diagram demonstrat 
ing the principles of auto-calibration of the output center 
frequency of the inventive VCO of FIGS. 9 and 10. 

[0030] FIG. 13 shoWs a ?oWchart of one embodiment of 
a VCO center frequency auto-calibration method in accor 
dance With the present invention. 

[0031] Like reference numbers and designations in the 
various draWings indicate like elements. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] Throughout this description, the preferred embodi 
ment and eXamples shoWn should be considered as eXem 
plars, rather than as limitations on the present invention. 

[0033] FIG. 2 shoWs a simpli?ed cross-sectional vieW of 
a MOSFET structure con?gured for use as a “binary” 
capacitor in accordance With the present invention. As 
shoWn in FIG. 2, a binary capacitor 200 made in accordance 
With the present invention preferably comprises an N-Well 
(or “bulk”) 120, N+ Well contact implant regions 122, 124, 
metal Well contacts 126, 128, and a poly-silicon P-gate 130. 
Using Well-knoWn MOSFET fabrication techniques, the 
binary capacitor 200 of the present invention is preferably 
formed by lightly doping the N-Well implant layer 120 (for 
a p-channel MOSFET device) With appropriate n-type 
dopant materials. The N+ Well contact implant regions 122, 
124 preferably comprise highly doped N+ regions diffused 
into the N-Well implant layer 120. The metal area of the 
P-gate 130, in conjunction With the insulating dielectric 
oXide layer and the semiconductor channel formed betWeen 
the N+ Well contact implant regions 122, 124, create a 
parallel-plate capacitor. The capacitor is formed betWeen the 
P-gate 134 and the electrically coupled metal Well contacts 
126 and 128. As described beloW in more detail With 
reference to FIG. 3, the capacitance betWeen the P-gate 130 
and the Well 120 (the “gate-to-bulk” capacitance Cgate_bu1k) 
of the binary capacitor 200 varies depending upon the DC. 
bias voltage applied betWeen the P-gate terminal 134 and the 
Well contact implant terminals 132, 136. 

[0034] FIG. 3 shoWs the dependency of the gate-to-bulk 
capacitance cgmbulk upon the DC. bias voltage that is 
applied betWeen the P-gate terminal 134 and the Well contact 
implant terminals 132, 136 of the binary capacitor 200 of 
FIG. 2. As shoWn in the capacitance-voltage plot of FIG. 3, 
the gate-to-bulk capacitance Cg,te_bulk varies betWeen a ?rst 
capacitance value CLOW and a second capacitance value 
C as the applied DC. bias voltage is varied betWeen a ?rst 
HIGH 
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threshold voltage V1 and a second voltage threshold V2. In 
this embodiment of the binary capacitor 200 (i.e., a P-gate/ 
N-Well embodiment), V1 and V2 are applied to the P-gate 
terminal 134 With positive polarities With respect to the Well 
contact terminals 132, 136. That is, V1 and V2 are applied as 
positive polarity voltages With respect to the N+ Well contact 
implant regions 122, 124. The binary capacitor 200 is said 
to be operating in an “accumulation” mode in this embodi 
ment. 

[0035] Referring again to FIG. 3, by applying a DC. bias 
voltage Vapplied that is equal to or less than V1 , cgmbulk 
(V)=CLOW. By applying a positive DC. bias voltage Vapplied 
that is equal to or greater than V2, Cg,te_bulk (V)=CHIGH. As 
the DC. bias voltage varies betWeen the threshold voltages 
V1 and V2, Cg,te_bulk (V) folloWs the slope as shoWn in FIG. 
3 and varies betWeen the ?rst capacitance value CLOW and 
the second capacitance value CHIGH (i.e., the binary capaci 
tor 200 behaves as a varactor in this relatively narroW 
voltage range). Thus, as shoWn, the binary capacitor 200 of 
FIG. 2 has a ?rst loWer capacitance CLOW (that is ?at over 
a relatively Wide voltage range less than or equal to V1), a 
second higher capacitance CHIGH (that is ?at over a rela 
tively Wide voltage range greater than or equal to V2), and 
a variable capacitance (variable betWeen CLOW and CHIGH) 
in the relatively narroW range of voltages betWeen V1 and 
V2. 

[0036] In one preferred embodiment of the binary capaci 
tor, the second capacitance value CHIGH is approximately 
tWo to three times greater than the ?rst capacitance value 
CLOW. That is, CHIGH/CLOW is approximately equal to 2 or 
3 in one preferred embodiment. Simply varying the device 
geometry and thereby making the physical siZe of the 
capacitor larger or smaller can vary the speci?c values of 
CLOW and CHIGH for any speci?c binary capacitor. 

[0037] By varying the DC. bias voltage applied across the 
terminals (e.g., the terminals 132, 134, 136) of the binary 
capacitor 200 of FIG. 2, the capacitance value is varied 
betWeen CLOW and CHIGH. If V1 represents a Boolean logic 
value of “Zero”, and V2 represents a logical “one”, then the 
capacitance Cg,te_bulk (V) can be digitally controlled using 
one control bit to be equal to either CLOW (When a logical 
Zero is applied) or CHIGH (When a logical one is applied). 
Thus, the device shoWn in FIG. 2 is referred to as a “binary” 
capacitor because the capacitance of the device 200 can be 
digitally controlled to be equal to one of tWo states. Spe 
ci?cally, the digital control signal controls the difference or 
differential betWeen CHIGH and CLOW (referred to hereinaf 
ter as the “differential capacitance”). That is CLSB (the 
differential capacitance of the binary capacitor 200 as con 
trolled by a least signi?cant bit of a digital control Word) is 
equal to CHIGH minus CLOW. 

[0038] Although one embodiment of the binary capacitor 
of the binary capacitor is shoWn in FIG. 2, other alternative 
embodiments are possible. As described above, the binary 
capacitor 200 may be implemented using a bulk CMOS 
process. Alternatively, the binary capacitor may be imple 
mented as an integrated circuit varactor structure that 
includes a P-gate/N-Well layer structure preferably formed 
on a Silicon-on-Insulator (“SOI”) substrate. In this embodi 
ment of the binary capacitor 200, the varactor structure is 
completely isolated from the substrate of the integrated 
circuit by an oXide layer of the SOI substrate, and by 
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oxide-?lled trenches formed on both sides of the varactor 
structure. The trenches preferably extend to the oxide layer 
of the SOI substrate. This alternative embodiment of the 
binary capacitor 200 is described more fully in commonly 
assigned US. Pat. No. 6,172,378, entitled “Integrated Cir 
cuit Varactor having a Wide Capacitance Range,” issued on 
Jan. 9, 2001. This issued patent is incorporated by reference 
herein for its teachings of P-gate/N-Well varactor structures. 

[0039] In another preferred embodiment, the binary 
capacitor 200 may be implemented as an integrated circuit 
varactor structure that includes an N-gate/P-Well structure 
formed on either an N-substrate bulk CMOS substrate or an 
$01 CMOS substrate. The N-gate/P-Well embodiment of the 
binary capacitor is identical to the P-gate/N-Well structure of 
FIG. 2, With the exception that the N-gate/P-Well structure 
uses p-type dopant materials in the place of the n-type 
dopant materials used in the N-Well device. More speci? 
cally, and referring again to FIG. 2, in a P-Well implemen 
tation of the binary capacitor 200, the Well implant layer 120 
is preferably lightly doped With appropriate p-type dopant 
materials. Similarly, the contact implant regions 122, 124 
preferably comprise highly-doped P+ regions diffused into 
the P-Well implant layer 120 in the preferred P-Well imple 
mentation of the binary capacitor 200 of FIG. 2. 

[0040] The capacitance of the P-Well binary capacitor 200 
is controlled by applying a DC. bias voltage betWeen the 
N-gate terminal 134 and the electrically coupled Well con 
tact terminals 132, 136 as described above With reference to 
the N-Well device. HoWever, in the P-Well embodiment of 
the binary capacitor, V1 and V2 are applied to the N-gate 
terminal 134 as negative polarity voltages With respect to the 
P-Well contact terminals 132, 136. That is, V1 and V2 are 
applied as negative voltages With respect to the P+ Well 
contact implant regions 122 and 124. In this embodiment the 
binary capacitor is said to be operating in a “depletion” 
mode. 

[0041] As described above With reference to the N-Well 
embodiment, by applying a negative polarity DC. bias 
voltage Vapplied that is equal to or less than V1 (i.e., in this 
embodiment, equal to or more positive than V1), Cg,te_bulk 
(V) CLOW. By applying a negative DC. bias voltage Vapplied 
that is equal to or greater than V2 (i.e., in this embodiment, 
equal to or more negative than V2), Cgate_bu1k(V)=CHIGH. As 
the DC. bias voltage varies betWeen the threshold voltages 
V1 and V2, Cg,te_bulk (V) varies betWeen the ?rst capacitance 
value CLOW and the second capacitance value CHIGH (i.e., 
the binary capacitor 200 behaves as a varactor in this 
relatively narroW voltage range). 

[0042] Note that in this embodiment, the applied voltage 
Vapplied is increased to become more and more negative 
(e.g., from —0.5V to —1.5V) as it changes from the “loW” 
threshold voltage of V1 to the “high” threshold voltage V2. 

[0043] The N-gate/P-Well integrated circuit varactor struc 
ture formed on an $01 substrate is described more fully in 
the incorporated US. Pat. No. 6,172,378. This issued patent 
is incorporated by reference herein for its teachings of 
N-gate/P-Well varactor structures. 

[0044] As described in more detail beloW With reference to 
FIGS. 4-10, the present binary capacitor 200 of FIG. 2 can 
be used as an integral building block in any integrated circuit 
that requires the use of passive components having 
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improved tolerances. For example, the binary capacitor 200 
can be used to improve the performance of integrated circuit 
implementations of tuned capacitor netWorks such as volt 
age-controlled oscillators (VCO). Further, the binary capaci 
tor 200 of the present invention can be used to implement a 
means of calibrating (both manually and automatically) a 
tuned capacitor netWork such as a VCO. Although the 
present binary capacitor 200 is described beloW With refer 
ence to its use in an integrated circuit implementation of a 
VCO, this speci?c use is exemplary only and should not be 
interpreted as limiting the scope or application of the present 
invention. Those skilled in the integrated circuit design and 
fabrication art Will recogniZe that the binary capacitor 200 
can be used to improve the performance of any integrated 
circuit requiring the use of passive electrical components. 

[0045] FIG. 4a shoWs hoW the binary capacitor 200 
described above With reference to FIGS. 2 and 3 is used to 
create a digitally controlled or multi-bit digital capacitor 300 
having a digitally selectable and variable capacitance. As 
shoWn in FIG. 4a, a plurality of binary capacitors are 
preferably connected in parallel betWeen tWo terminals (i.e., 
betWeen terminal A 301 and terminal B 303) Within an 
integrated circuit (not shoWn). The terminals A 301 and B 
303 are analogous to the terminalsA 101 and B 103 of FIG. 
1 and, as described in more detail beloW, may be connected 
to a tuned circuit such as a VCO. In accordance With the 
present invention, the capacitance values of the binary 
capacitors are preferably Weighted in a convenient and 
desirable manner. For example, in the embodiment shoWn in 
FIG. 4a, the binary capacitors of the multi-bit digital 
capacitor 106 are given binary Weighting. More speci?cally, 
the least-signi?cant binary capacitor C1 302 is manufactured 
to have a desired least signi?cant (or loWest) differential 
capacitance of CLSB (de?ned as the difference betWeen C1’s 
highest capacitance C1 HIGH and C1’s loWest capacitance C1 
LOW). 
[0046] The next signi?cant binary capacitor C2 304 is 
preferably manufactured to have a differential capacitance of 
tWice CLSB, or 2*CLSB. The binary Weighting is assigned in 
like fashion With each next signi?cant capacitor having a 
differential capacitance that is a poWer of tWo greater than 
the previous signi?cant capacitor. Finally, the most signi? 
cant binary capacitor CD 306 is manufactured to have a 
differential capacitance of 2H'1*CLSB. Those skilled in the IC 
manufacturing art Will appreciate that several alternative 
means may be used to make the differential capacitance of 
a selected binary capacitor (for example, C2) have a value 
that is a poWer of tWo greater than the previous signi?cant 
capacitor (in this example, C1). For example, in one embodi 
ment, the selected capacitor (e.g., C2) can be formed by 
placing tWo previous signi?cant capacitors (in this example, 
C1) in parallel. Similarly, the next signi?cant capacitor (e. g., 
C3) can be formed by placing four of the previous signi?cant 
capacitors (e.g., C1) in parallel. Alternatively, the capacitors 
may be manufactured to different physical dimensions to 
have the desired differential capacitance characteristics. 

[0047] In addition, although the binary capacitors of the 
embodiment shoWn in FIG. 4a are given a binary Weighting, 
those skilled in the art Will recogniZe that any convenient 
capacitance-Weighting scheme can be assigned to the 
capacitors. For example, in an alternative embodiment 
Where a logarithmic scaling is desired, each binary capacitor 
can be manufactured to have a capacitance value that is ten 
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times greater than its previous signi?cant capacitor. More 
speci?cally, binary capacitor C2 304 can be manufactured to 
have a differential capacitance that is 10*CLSB, Where C1 
302 is manufactured to have a differential capacitance of 
CLSB. In this embodiment, CD is assigned a differential 
capacitance of 10“'1*CLSB. 

[0048] Referring again to FIG. 4a, the differential capaci 
tance of each binary capacitor of the digital capacitor 106 is 
individually controlled by an associated and respective 
digital control signal that is applied over the terminals of the 
associated binary capacitor (i.e., by an associated and 
respective digital bit of a digital control Word applied 
betWeen the respective gate and Well contact terminals). The 
control bits are ordered from least signi?cant bit (LSB) to 
most signi?cant bit (MSB), and are assigned to control the 
least signi?cant capacitor to the most signi?cant capacitor. 
Accordingly, the binary capacitors are ordered from least 
signi?cant to most signi?cant. For example, as shoWn in 
FIG. 4a, the least signi?cant bit LSB, B1 of the digital 
control Word is preferably applied over the terminals of the 
least signi?cant binary capacitor C1 302 and thereby controls 
the capacitance of the binary capacitor C1 302. The neXt 
most signi?cant bit, B2, is applied to the terminals of the 
binary capacitor C2 and thereby controls its capacitance. The 
most signi?cant bit, Bn, similarly controls the capacitance of 
binary capacitor CH. 

[0049] As described above With reference to FIGS. 2 and 
3, When B1, for eXample, is a logical loW value, or DC. for 
eXample, the capacitance of binary capacitor C1 302 is equal 
to a ?rst loWer capacitance C1 LOW. Alternatively, When B1 
is a logical high value, or Vcc for eXample, the capacitance 
of the binary capacitor C1 302 is equal to a second higher 
capacitance C1 HIGH. The differential betWeen C1 HIGH and 
C1 LOW is equal to CLSB. Similarly, When B2, for eXample, 
is a logical loW value, or DC, the capacitance of C2 is equal 
to C2 LOW. When B2 is a logical high value, or V00, the 
capacitance of binary capacitor C2 is equal to C2 HIGH. Due 
to the binary Weighting of C2, the differential capacitance of 
C2 (i.e., the difference betWeen C2 HIGH and C2 LOW) is 
equal to 2* CLSB. The trend continues as such, With each neXt 
signi?cant binary capacitor having a differential capacitance 
that is tWice the differential capacitance of its previous 
signi?cant capacitor. Finally, as shoWn in FIG. 4a, the 
capacitance of binary capacitor CD 306 varies betWeen Cn 
LOW and CD HIGH, as Bn varies betWeen a logic loW and logic 
high value. Again, due to the binary Weighting of the 
capacitors the differential capacitance betWeen Cn HIGH and 
CD LOW is approximately equal to 2n'1*CLSB. 

[0050] Because the plurality of binary capacitors are con 
nected together in a parallel con?guration as shoWn in FIG. 
4a, their respective capacitance values combine by simply 
adding the capacitance values of all of the individual binary 
capacitors. The capacitance of the digital capacitor 106 (as 
measured betWeen the terminals A 301 and B 303) is 
therefore equal to the sum of the capacitance of each of the 
binary capacitors Cn. FIG. 4b is a simpli?ed schematic 
representation of the digital capacitor 106 shoWn in FIG. 4a. 

[0051] FIG. 5 shoWs a plot of the capacitance of the 
digital capacitor 106 as it varies depending upon the digital 
control Word CALWord 114 applied over the terminals of the 
plurality of binary capacitors. In the eXample shoWn, CAL 

d is assumed to be three bits Wide and therefore, in this Wor 
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embodiment, the number of binary capacitors used to imple 
ment the digital capacitor 106 is three. As shoWn in FIG. 5, 
the loWest capacitance value CFLOOR is produced When the 
control Word CALWord 114 is set equal to all Zeros (e.g., 
assuming a three-bit control Word, n=3, CALWOId=000). 
Here, CFLOOR=C1 LOW+C2 LOW+C3 LOW. The neXt higher 
capacitance value is produced using a control Word CALWord 
of “001”. In this case, the capacitance of the digital capacitor 
106 is equal to C1 HIGH+C2 LOW+C3 LOW’ or CFLOOR+CLSB' 
By increasing the value of CALWord by one to “010”, the 
capacitance of the digital capacitor 106 is increased to the 
neXt step to a value of C1 LOW+C2 HIGH+C3 LOW, or 
CFLOOR+(2*CLSB). The digital control Word CALWord can 
be similarly incremented to produce the capacitance plot 
shoWn in FIG. 5. The capacitance of the digital capacitor 
106 has its highest capacitance CM AX equal to C1 HIGH+C2 
HIGH+C3 HIGH When the digital control Word CALWord is set 
equal to “111”. Stated in other terms, the highest capacitance 
CM AX of the digital capacitor is CFLOOR +(7*CLSB). 

[0052] FIG. 6 shoWs a differential mode implementation 
of the digital capacitor 106 described above With reference 
to FIGS. 1-5. The digital capacitor 106 is preferably imple 
mented differentially because this provides a convenient 
third terminal for digitally controlling the capacitance values 
of the binary capacitors. For eXample, as shoWn in FIG. 6, 
the control signal B1 is applied betWeen the binary capaci 
tors C1 302, 302‘ at a control terminal 310. Similarly, the 
control signal B2 is applied betWeen the binary capacitors C2 
304, 304‘ at a control terminal 312. The most signi?cant 
control bit of the digital control Word CALWord 114, EU, is 
applied betWeen the binary capacitors CH, 306, 306‘ at a 
control terminal 314. The control terminals are common 
mode AC grounds. 

[0053] The differential mode implementation of the digital 
capacitor 106 functions similarly to the digital capacitor 106 
described above With reference to FIGS. 4-5. For eXample, 
the binary capacitors are preferably assigned a binary 
Weighting, With the least signi?cant capacitors C1 302, 302‘ 
having the loWest differential capacitance (CLSB). As shoWn 
in FIG. 6, the differential capacitance of the binary capaci 
tors 302, 302‘ is controlled at the control terminal 310 by the 
LSB of the digital control Word CALWOId, i.e., by B1. The 
differential capacitance of the neXt signi?cant binary capaci 
tors C2 304, 304‘ is tWice that of the least signi?cant 
capacitors C1, or 2*CLSB. 

[0054] The capacitance of the binary capacitors C2 304, 
304‘ is similarly controlled at the control terminal 312 by the 
neXt most signi?cant bit of the digital control Word CAL 
Word, i.e., by B2. The Width of the control Word CALWord 
corresponds to the number of binary capacitor pairs used in 
the differential mode implementation of the digital capacitor 
106. The differential capacitance of the most signi?cant 
binary capacitors is equal to (2“'1*CLSB). The MSB of the 
control Word, i.e., Bn, controls the differential capacitance of 
the binary capacitors CD 306, 306‘. Thus, the total capaci 
tance of the differential mode implementation of the digital 
capacitor 106 is as folloWs: 

the differential capacitance of the nth capacitor (CLSB or a 
multiple of CLSB in the case When n is higher than 2) is or 
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is not added to CFLOOR. More speci?cally, if EU‘ is a logical 
Zero, the differential capacitance of the nth capacitor is not 
added (i.e., CLSB, or its multiple, is not added to CFLOOR for 
the nth capacitor). If EU‘ is a logical one, then the differential 
capacitance of CLSB (or its multiple in the case of higher 
order bits) is added to CFLOOR for the nth capacitor. 

[0056] Thus, by varying the value of the digital control 
Word CALWord 114 appropriately, and thereby varying the 
capacitance of each individual binary capacitor (i.e., binary 
capacitor C1 302, C2 304, . . . CD 306), the capacitance of the 
digital capacitor 106 can be customiZed to any desired value. 
The step siZe shoWn in FIG. 5 (i.e., the resolution of the 
capacitance of the digital capacitor 106) depends upon the 
CLSB of the capacitors. When the multi-bit digital capacitor 
300 is used in implementing a tuned capacitor in an inte 
grated circuit, the capacitance can be digitally calibrated as 
desired to meet pre-de?ned operational parameters. 

[0057] Applications of the Multi-bit Digital Capacitor in 
an Integrated Circuit 

[0058] The digital capacitor 300 of FIG. 4a and 300‘ of 
FIG. 6 can be used in place of the sWitched-capacitor circuit 
100 of FIG. 1 to provide a calibrated capacitor for use in 
virtually any integrated circuit implementation of a tuned 
capacitor netWork. For example, consider the simple differ 
ential LC-oscillator circuit 400 shoWn in FIG. 7. The 
differential LC-oscillator 400 comprises an LC-resonator 
circuit 402, an ampli?er 404, and a current source 405. As 
is Well knoWn in the electrical engineering art, the resonance 
frequency of the LC-resonator 402 de?nes the frequency of 
oscillation, or the center frequency, of the LC-oscillator 400 
and is determined by the values of L and C. More speci? 
cally, the oscillation frequency, fO=1/(2J'|§*SQRT(L*CtOt)). 

[0059] Disadvantageously, if any of the integrated circuit 
components used to implement the LC-resonator 402 have 
poor tolerance values due to process variations or other 
factors, the oscillation frequency fO Will be adversely 
affected. This is particularly disadvantageous When the 
oscillation frequency is relatively high, for example, When 
the oscillation frequency operates in the GigahertZ range. At 
such high frequencies, the tolerance variations of the passive 
electrical components Will dramatically affect variations in 
the oscillation frequency. For example, With a desired oscil 
lation frequency of 2 GHZ, a 110% tolerance Will yield an 
oscillation frequency of 2 GHZIZOO MHZ. This may be 
unacceptable in some applications. In addition, in order to 
obtain desired performance characteristics such as loW phase 
noise and loW poWer dissipation, the components of the 
LC-oscillator 400 (i.e., the L and C components) should 
have loW series losses (i.e., the components should have 
high “Q” gain values). 
[0060] A modi?ed version 402‘ of the LC-resonator 402 of 
FIG. 7 is shoWn in FIG. 8. The digital capacitor CCAL 300 
described above With reference to FIGS. 4a and 4b is 
connected in a parallel arrangement With an analog tuning 
varactor 406 and a ?xed LC-tank circuit capacitor CL 408 as 
shoWn. As described above With reference to the LC 
oscillator 400 of FIG. 7, the resonance frequency of the 
LC-resonator 402‘ of FIG. 8 is determined by the values of 
L and Ctotal. More speci?cally, the oscillation frequency, 
fO=1/(2J'c*SQRT(L*Ctotal)). The value of L remains ?xed. 
Because the digital capacitor 300, the tuning varactor 406, 
and the ?xed capacitor CL 408 are connected in parallel, 
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their capacitance values add together to yield a total capaci 
tance Ctotal of the LC-resonator 402. That is, CtOta1=CcAL+ 
Ctune+CL' 
[0061] The capacitance CL 408 is a ?xed and knoWn 
pre-determined value. The capacitance Ctune is determined 
by applying a DC. control voltage Vtune 410 to the tuning 
varactor 406. In practice, Ctune is tuned so that the oscillation 
frequency fO is nominally equal to a desired center fre 
quency, for example, 2 GHZ. HoWever, as described above, 
in order to compensate for fabrication process variations and 
other factors, the resonance or oscillation frequency fO may 
require calibration in order to re-center the LC-resonance 
frequency to a desired center frequency value. The digital 
capacitor CCAL 300 is used for this purpose. By applying an 
appropriate digital control Word CALWord 412 to the digital 
capacitor 300, the capacitance of the digital capacitor is 
changed to a desired value, and the center frequency of the 
LC-resonator 402‘ is thereby changed accordingly. The 
oscillation frequency fO is therefore calibrated and re-cen 
tered by appropriately adjusting the digital control Word 
CALWOId. Calibration of the LC-resonator 402‘ oscillation 
frequency fO can be performed using either manual or 
automatic methods of calibration. 

[0062] For example, in one embodiment, the LC-resonator 
402‘ is manually calibrated by ?rst measuring the oscillation 
frequency fO during a production testing phase of the inte 
grated circuit fabrication process. In this embodiment, the 
circuit is tuned to a desired oscillation frequency and the 
actual output frequency is measured. If the desired oscilla 
tion frequency differs from the measured output frequency 
the digital control Word CALWord is modi?ed until the output 
frequency equals the desired oscillation frequency. The 
calibration control Word thereby determined for CALWord 
may then be stored in a non-volatile memory either Within 
the same integrated circuit as the resonator or on a printed 
circuit board adjacent the integrated circuit. In another 
embodiment, the oscillation frequency fO is automatically 
calibrated until a desired oscillation frequency is obtained. 

[0063] Such an automatic calibration method may be 
executed every time the circuit is poWered on. In one 
preferred embodiment, the automatic calibration method is 
executed by a microprocessor or other data processing 
device located Within the integrated circuit or on the same 
printed circuit board as the integrated circuit. Alternatively, 
the method can be implemented using any convenient or 
desirable sequencing device such as a state machine, present 
state-next state discrete logic, or ?eld programmable gate 
array device. A more detailed description of the auto 
calibration method is described in more detail beloW 
together With a description of a self-calibrating VCO made 
in accordance With the present invention. 

[0064] Use of the Digital Capacitor in Implementing a 
VCO in an Integrated Circuit 

[0065] FIG. 9 shoWs a schematic of a voltage-controlled 
oscillator (VCO) made in accordance With the present 
invention. The VCO 500 shoWn in FIG. 9 uses both the 
differential mode implementation of the digital capacitor 
300‘ of FIG. 6 and a differential mode implementation of the 
LC-resonator 402“ of FIG. 8 to produce a VCO that can be 
calibrated to generate a desired output frequency fO based 
upon a given control voltage and given digital control Word. 
As shoWn in FIG. 9, one preferred embodiment of the 














