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DIGITAL CALIBRATION TECHNIQUES FOR
SEGMENTED CAPACITOR ARRAYS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to electronic circuits,
and more particularly, to digital calibration techniques for
segmented capacitor arrays.

[0002] Digital locked loops, such as digital phase-locked
loops and digital delay-locked loops, can generate one or
more periodic output clock signals.

BRIEF SUMMARY OF THE INVENTION

[0003] According to some embodiments of the present
invention, an apparatus includes phase detection circuitry that
generates control signals in response to an input clock signal
and a feedback clock signal. The apparatus also includes a
clock signal generation circuit that includes fine and coarse
capacitors. The clock signal generation circuit changes a
capacitance of the capacitors that are affecting the output
clock signal in response to a change in the control signals. The
apparatus also includes measurement circuitry that deter-
mines a calibration number of the fine capacitors having a
combined capacitance that most closely matches a capaci-
tance of one of the coarse capacitors.

[0004] Various objects, features, and advantages of the
present invention will become apparent upon consideration of
the following detailed description and the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 illustrates an example of a digital phase-
locked loop (PLL), according to an embodiment of the
present invention.

[0006] FIG. 2 illustrates an example of a digitally con-
trolled oscillator (DCO), according to an embodiment of the
present invention.

[0007] FIG. 3A illustrates measurement circuitry that can
measure a difference between two frequencies of a device in
an alternating interleaved manner, according to an embodi-
ment of the present invention.

[0008] FIG. 3B illustrates measurement circuitry that can
measure a difference between two frequencies of device in an
alternating interleaved manner, according to another embodi-
ment of the present invention.

[0009] FIG. 4 illustrates portions of a digital loop filter and
portions of a digitally controlled oscillator in a digital phase-
locked loop (PLL) or a delay chain in a delay-locked loop
(DLL), according to an embodiment of the present invention.

[0010] FIG. 5 illustrates an example of a digitally con-
trolled delay-locked loop (DLL) circuit, according to an
embodiment of the present invention.

[0011] FIG. 6 illustrates an example of a delay circuit in the
delay chain of a digital delay-locked loop that has a variable
capacitance at a node, according to an embodiment of the
present invention.

[0012] FIG.7is asimplified partial block diagram of a field
programmable gate array (FPGA) that can include aspects of
the present invention.
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[0013] FIG. 8 shows a block diagram of an exemplary
digital system that can embody techniques of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

[0014] FIG. 1illustrates an example of digital phase-locked
loop (PLL) circuit 100, according to an embodiment of the
present invention. PLL. 100 includes bang-bang phase fre-
quency detector (BBPFD) circuit 101, digital loop filter 102,
digitally controlled oscillator (DCO) 103, and frequency
divider circuit 104. PLL 100 is typically fabricated on an
integrated circuit, such as a programmable logic integrated
circuit or an application specific integrated circuit (ASIC).
Programmable logic integrated circuits include field pro-
grammable gate arrays (FPGAs) and programmable logic
devices (PLDs).

[0015] Bang-bang phase frequency detector 101 compares
the phase of an input reference clock signal CLK1 to the
phase of a feedback clock signal FBCLK generated by fre-
quency divider circuit 104. Frequency divider circuit 104 is a
counter circuit that divides the frequency of a periodic output
clock signal CLKOUT from DCO 103 to generate the fre-
quency of the feedback clock signal FBCLK. Phase fre-
quency detector 101 generates digital phase detector control
signals having logic states that are indicative of any phase
and/or frequency difference between clock signals CLK1 and
FBCLK. Phase frequency detector 101 varies the logic states
of the digital phase detector control signals in response to
changes in the difference between the phase and/or frequency
of CLK1 and FBCLK.

[0016] Digital loop filter 102 receives the phase detector
control signals from phase frequency detector 101 and gen-
erates oscillator control signals that are transmitted to input
terminals of digitally controlled oscillator (DCO) 103. DCO
103 also receives an input clock signal CLK2. Clock signals
CLK1 and CLK2 in FIG. 1 can be the same periodic signal
having the same frequency or two different periodic signals
having different frequencies or different phases. DCO 103
generates a periodic output clock signal CLKOUT in
response to the oscillator control signals and clock signal
CLK2. DCO 103 varies the phase and the frequency of clock
signal CLKOUT in response to changes in the oscillator
control signals.

[0017] FIG. 2 illustrates an example of a digitally con-
trolled oscillator (DCO), according to an embodiment of the
present invention. DCO 200 shown in FIG. 2 is an example of
DCO 103 that is part of digital PLLL 100 shown in FIG. 1.
DCO 200 includes switches 211-228 and capacitors 231-248.
Each of the switches 211-228 can be implemented, e.g., by
one or more field-eftect transistors that function as switching
transistors.

[0018] A first terminal of each of switches 211-228 is
coupled to additional oscillator circuitry 201 at node 202. A
second terminal of each switch 211-228 is coupled to a first
terminal of a corresponding capacitor 231-248, as shown in
FIG. 2. The second terminal of each capacitor 231-248 is
coupled to a terminal that receives a ground voltage. Node
203 of additional oscillator circuitry 201 is also coupled to a
terminal that receives the ground voltage. Each capacitor
231-248 is coupled in series with one of the switches 211-
228. DCO 200 can include any suitable number of capacitors
that are each coupled in series with a switch. 18 capacitors and
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18 switches are shown in FIG. 2 merely as an example. DCO
200 can, e.g., have hundreds or thousands of capacitors and
the same number of switches.

[0019] The conductive states of switches 211-228 are con-
trolled by the logic states of digital control signals. The digital
control signals are not shown in FIG. 2 to simplify the draw-
ing. The digital control signals that control the conductive
states of switches 211-228 are the oscillator control signals
shown in FIG. 1 that are generated by digital loop filter 102.
When the oscillator control signals close all of switches 211-
228 (i.e., switches 211-228 are conductive), capacitors 231-
248 are coupled together in parallel with each other. Opening
a switch refers to changing the conductive state of the switch
so that the switch blocks current flow through the switch.
Closing a switch refers to changing the conductive state of the
switch so that the switch allows current to flow through the
switch.

[0020] DCO 200 generates one or more oscillating digital
output clock signals including CLKOUT. The output clock
signals of DCO 200 can be generated at node 202 and other
nodes in DCO 200. The conductive states of switches 211-
228 vary in response to changes in the digital control signals
from filter 102. When PLL 100 varies the logic states of the
digital control signals, the total capacitance between nodes
202 and 203 changes to vary the frequency and phase of the
output clock signals generated by oscillator 200. PLL 100
increases the total capacitance between nodes 202 and 203 to
decrease the frequency of the output clock signals of DCO
200. PLL 100 decreases the total capacitance between nodes
202 and 203 to increase the frequency of the output clock
signals. DCO 200 functions as an analog-to-digital converter
that converts the digital control signals from filter 102 into
periodic output clock signals having a variable frequency.
[0021] DCO 200 can be any suitable type of oscillator. For
example, DCO 200 can be a ring oscillator, a crystal oscilla-
tor, or an L.C oscillator having an inductor and one or more
capacitors or varactors. Additional oscillator circuitry 201
contains the circuitry needed to implement the selected oscil-
lator architecture. For example, additional oscillator circuitry
201 can include a set of delay circuits that are coupled
together in a loop to implement a ring oscillator. In this
embodiment, node 202 is a node in the delay loop of delay
circuits. As another example, additional oscillator circuitry
201 can include an inductor, one or more varactors, and
switching transistors that are coupled to form an LC oscilla-
tor. One of the output clock signals of DCO 200 can be
generated at node 202.

[0022] DCO 200 has a segmented capacitor architecture,
because capacitors 237-248 cach have a capacitance value
that is greater than the capacitance value of each capacitor
231-236. Capacitors 231-236 ideally each have the same fine
capacitance value Cg, and capacitors 237-248 ideally each
have the same coarse capacitance value Cc. The ratio of the
capacitance of each capacitor 237-248 to the capacitance of
each capacitor 231-236 (i.e., C.:Cy) is ideally a fixed ratio.
[0023] In DCO 200, capacitors 237-248 generate coarse
capacitance steps, and capacitors 231-236 interpolate
between the coarse capacitance steps with fine capacitance
steps. The coarse capacitance steps generated by capacitors
237-248 refer to the change in the capacitance between nodes
202 and 203 that is generated each time an additional switch
217-228 is opened or closed. The fine capacitance steps gen-
erated by capacitors 231-236 refer to the change in the capaci-
tance between nodes 202 and 203 that is generated each time
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an additional switch 211-216 is opened or closed. Because
each of capacitors 231-236 ideally has the same capacitance
Cp, each of the fine capacitance steps corresponds to the same
amount of change in the capacitance between nodes 202 and
203. Because each of capacitors 237-248 ideally has the same
capacitance C, each of the coarse capacitance steps corre-
sponds to the same amount of change in the capacitance
between nodes 202 and 203. Capacitors 231-236 are referred
to as fine capacitors, and capacitors 237-248 are referred to as
coarse capacitors.

[0024] Whenall of the switches 211-216, etc. are closed, all
of'the fine capacitors 231-236, etc. are coupled to node 202. In
order to cause an additional decrease in the frequency of the
output clock signals of DCO 200, a carry signal (not shown)
is asserted. In response to the carry signal being asserted, one
of switches 217-228 is closed to couple one of the coarse
capacitors 237-248 to node 202. As a result, at least one
coarse capacitor 237-248 is coupled to 202.

[0025] Ideally, a capacitance of a predetermined number N
of the fine capacitors 231-236 equals a capacitance of each
one of the coarse capacitors 237-248. N ideally equals C /Cy.
When the carry signal is asserted, at least one of switches
211-216 remains closed, and an N-1 number of switches
211-216 are opened. When all of the switches 211-216, etc.
are open, all of the fine capacitors 231-236, etc. are decoupled
from node 202. In order to cause an additional increase in the
frequency of the output clock signals of DCO 200, a borrow
signal (not shown) is asserted. In response to the borrow
signal being asserted, one of switches 217-228 is opened to
decouple one of the coarse capacitors 237-248 from node
202. As a result, at least one coarse capacitor 237-248 is
decoupled from node 202. Also, when the borrow signal is
asserted, at least one of switches 211-216 remains open, and
an N-1 number of switches 211-216 are closed.

[0026] By usingasegmented architecture of fine and coarse
capacitors, DCO 200 can generate a KxL number of different
capacitance values between nodes 202 and 203 using only
K+L capacitors. K is the number of fine capacitors 231-236,
etc., and L. is the number of coarse capacitors 237-248, etc. If
all of the capacitors 231-248 instead had the same capaci-
tance, then a KxI, number of capacitors are required to gen-
erate KxI capacitance values. Thus, using the fine and coarse
capacitor arrays shown in FIG. 2 can allow a substantial
reduction in the number of capacitors in the DCO.

[0027] Typically, the coarse capacitors 237-248 are not
made of many similar fine capacitors. Creating several fine
capacitors on a chip to create a single coarse capacitor
requires a relatively large die area. Therefore, the coarse and
fine capacitors usually have different topologies (e.g., difter-
ent shapes) in order to achieve a significant reduction in the
amount of die area required to fabricate the capacitors on an
integrated circuit.

[0028] Typically, each of the fine capacitors 231-236 has
substantially the same capacitance value, and each of the
coarse capacitors 237-248 has substantially the same capaci-
tance value. There may be a small random mismatch between
two or more of the fine capacitors, and there may be a small
random mismatch between two or more of the coarse capaci-
tors.

[0029] However, there may be a significant difference
between the average capacitance value of the fine capacitors
231-236 and the average capacitance value of the coarse
capacitors 237-248 in DCO 200. The difference between the
average capacitance of the fine capacitors and the average
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capacitance of the coarse capacitors is referred to as a sys-
tematic mismatch. Modeling inaccuracies, variations in the
photolithography process between different integrated circuit
dies, the small sizes of the capacitors, and the different
topologies of the fine and coarse capacitors are usually among
the causes of the systematic mismatch. The systematic mis-
match between the fine capacitors and the coarse capacitors
can be relatively large in terms of percentage of the capaci-
tance of each capacitor, if the capacitors have small capaci-
tance values.

[0030] The systematic mismatch may cause a significant
differential non-linearity in the transfer characteristics of the
capacitor arrays. Each capacitance step that occurs when one
of'the switches 211-228 is closed has the potential of causing
a differential non-linearity if there is a capacitance mismatch.
For the fine capacitors, the differential non-linearity is the
difference between the capacitance step that occurs when a
particular fine capacitor is coupled to or decoupled from node
202 and the average value of the fine capacitance step at node
202. Forthe coarse capacitors, the differential non-linearity is
the difference between the capacitance step that occurs when
a particular coarse capacitor is coupled to or decoupled from
node 202 and the average value of the coarse capacitance step
at node 202. Differential nonlinearities can cause large dis-
continuities at the transitions from the fine capacitors to the
coarse capacitors when the carry or borrow signal is asserted.
These discontinuities can make the DCO useless in closed-
loop systems.

[0031] Modeling inaccuracies, process variations, and dif-
ferent capacitor topologies may cause the ratio of the capaci-
tance of the coarse capacitors 237-248 to the capacitance of
the fine capacitors 231-236 to vary with respect to a design
ratio. For example, mismatches between the fine and coarse
capacitors may cause the capacitance ratio of C:C to vary
from a design ratio of 100:1 to equal 117:1 or 88:1.

[0032] According to an embodiment of the present inven-
tion, the number N of fine capacitors 231-236 that when
coupled together in parallel have a combined capacitance
value that most closely equals the capacitance of a single
coarse capacitor 237-248 is measured. This number N is
referred to as the calibration number. When the calibration
number N is determined, the calibration number N is stored in
storage circuitry (e.g., a digital controller or register). Then,
the calibration number N is used to determine how many fine
capacitors 231-236 are coupled to node 202 and decoupled
from node 202 each time that the carry or borrow signal is
asserted and the number of coarse capacitors 237-248
coupled to node 202 changes. The calibration number N can
be determined separately in each integrated circuit die that
contains DCO 200. The calibration number N is used to
maintain the continuity (i.e., the differential linearity) of the
transfer characteristic of capacitors 231-248 in DCO 200.
[0033] For example, when an increase in capacitance of C
atnode 202 is intended, and all of the fine capacitors 231-236,
etc. are coupled to node 202, a coarse capacitor 237-248 is
coupled to node 202 in response to the carry signal being
asserted, and N-1 fine capacitors 231-236 are decoupled
from node 202, where N is the calibration number. When a
decrease in capacitance of C at node 202 is intended, and all
of' the fine capacitors 231-236, etc. are decoupled from node
202, a coarse capacitor 237-248 is decoupled from node 202
in response to the borrow signal being asserted, and N-1 fine
capacitors 231-236 are coupled to node 202, where N is the
calibration number.
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[0034] Ifthe coarse capacitors have identical designs, then
the capacitance values of the coarse capacitors are expected to
be nearly the same. Also, because the coarse capacitors are
larger than the fine capacitors, it is more likely that the coarse
capacitors will have nearly the same capacitance values. If
each of the coarse capacitors in DCO 200 has nearly the same
capacitance value, then only one calibration number N is
stored for the entire array of coarse capacitors.

[0035] However, if the coarse capacitors in DCO 200 have
significantly different capacitance values, then different val-
ues for the calibration number N can be measured to deter-
mine the correct ratio between each of the coarse capacitors
and a number of fine capacitors. Generating and storing cali-
bration numbers for each coarse capacitor may require a large
amount of additional storage and processing circuitry.
[0036] It may be difficult to directly measure the capaci-
tances of the fine and coarse capacitors in DCO 200. How-
ever, the capacitances of the fine and the coarse capacitors in
DCO 200 can be determined indirectly to calculate the cali-
bration number N. The capacitances of the fine and the coarse
capacitors in DCO 200 can be determined indirectly by mea-
suring the changes in the frequency of output clock signal
CLKOUT of DCO 200 that are caused by changes in the
conductive states of switches 211-228. The frequency mea-
surement is usually very accurate.

[0037] A frequency measurement can, for example, involve
coupling only a selected number J of the fine capacitors to
node 202, decoupling all of the coarse capacitors from node
202, and then counting the number of periods P1 ofthe output
clock signal CLKOUT of DCO 200 during a fixed time.
Subsequently, all the fine capacitors are decoupled from node
202, and only one coarse capacitor is coupled to node 202.
Then, the number of periods P2 in the output clock signal
CLKOUT of DCO 200 is counted over an equal time period.
The difference between the number of periods P1 and P2
divided by the fixed measurement time is the frequency dif-
ference.

[0038] If the number of periods P1 and P2 counted are
equal, then J fine capacitors have exactly the same capaci-
tance as one coarse capacitor. If the number of periods P1 and
P2 counted are not equal, the degree and direction of mis-
match between J fine capacitors and one coarse capacitor is
proportional to the difference between the counts P1 and P2.
Because the frequency of the DCO output clock signals is
inversely proportional to the capacitance between nodes 202
and 203, more periods counted in a fixed time period indicate
a smaller capacitance, and less periods counted in the same
fixed time period indicate a larger capacitance.

[0039] One frequency measurement technique for deter-
mining the calibration number N involves calculating several
values for the frequency difference. Each value for the fre-
quency difference is calculated when a different number of
fine capacitors are coupled to node 202. For example, the
frequency difference can be determined when 50 fine capaci-
tors are coupled to node 202. Then, the frequency difference
can be determined when 51 fine capacitors are coupled to
node 202. Then, the frequency difference can be determined
when 52 fine capacitors are coupled to node 202. Then, the
frequency difference can be determined when 53 fine capaci-
tors are coupled to node 202. According to this technique, the
frequency difference can be determined when several addi-
tional numbers of fine capacitors are coupled to node 202
(e.g., 54-70 fine capacitors to generate a total of 21 frequency
difference values).
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[0040] During each measurement of the frequency difter-
ence, the difference between the number of periods counted
during the fine capacitor measurement and the number of
periods counted when only a single coarse capacitor is
coupled to node 202 is determined. The number of fine
capacitors coupled to node 202 that generates the smallest
value for the frequency difference among the frequency dif-
ference measurements equals the calibration number N.
Thus, the number of periods counted while an N number of
fine capacitors are coupled to node 202 that most closely
matches the number of periods counted while a single coarse
capacitor is coupled to node 202 indicates the number N of
fine capacitors that most closely matches the capacitance of a
single coarse capacitor.

[0041] FIGS. 3A and 3B illustrate two examples of mea-
surement circuitry that can be used to determine the number
of fine capacitors that have the closest combined capacitance
to a single coarse capacitor, according to embodiments of the
present invention. The circuits shown in FIGS. 3A-3B mea-
sure the difference between a first frequency of an output
clock signal CLKOUT of DCO 200 when only a selected
number of fine capacitors are coupled to node 202 and a
second frequency of the output clock signal CLKOUT when
only one coarse capacitor is coupled to node 202. The fre-
quency difference indicates the difference in the number of
periods of the output clock signal that are counted over a time
period. The difference in the number of periods is propor-
tional to the difference between the combined capacitance of
the selected number of fine capacitors and the capacitance of
the coarse capacitor. The time period used to measure the first
frequency is the same as the time period used to measure the
second frequency.

[0042] The time period for the frequency measurement can
be derived from any oscillation source other than the DCO
being tested. The oscillation source is referred to as the time
base 305. Time base 305 does not need to be accurate, because
the frequency measurements are relative to each other.
Because the measurements are designed to determine the
minimum count difference, the absolute accuracy of each
count by itself does not affect the result. Time base 305 may
have its own phase noise. The phase noise of time base 305
may be effectively reduced by the counting methods of FIG.
3A-3B, which also reduce the noise in CLKOUT generated
by DCO 200.

[0043] Thepresence oflarge phase noise at low frequencies
(i.e. frequency wander) can cause inaccuracies in the mea-
surements of small frequency differences. The amount of
frequency wander from one measurement to the next may be
larger than the frequency difference that is the measurement
target. For example, if the phase noise at low frequencies rises
at a rate of 30 decibels per decade, increasing the measure-
ment time does not improve the accuracy of the measurement.
According to an embodiment, the effect of frequency wander
is significantly reduced or eliminated by measuring two fre-
quencies of CLKOUT in an alternating interleaved manner as
described below with respect to FIGS. 3A-3B.

[0044] The measurement circuitry of FIG. 3A includes reg-
isters 301 and 302, time base circuit 305, multiplexer circuit
303, device under test (DUT) 304, inverter 306, AND gate
307, AND gate 308, counter circuits 309 and 310, and sub-
tractcircuit 311. DUT 304 is the digitally controlled oscillator
(DCO) circuit 200.

[0045] First digital control signals CS1 (i.e., a first control
word) are stored in register 301, and second digital control
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signals CS2 (i.e., a second control word) are stored in register
302. The first digital control signals CS1 are transmitted in
parallel from register 301 to first inputs of multiplexer 303,
and the second digital control signals CS2 are transmitted in
parallel from register 302 to second inputs of multiplexer 303.
Multiplexer 303 has a select input terminal that receives an
oscillating digital signal OSC from time base 305.

[0046] Multiplexer 303 transmits the first control signals
CS1 in parallel to DUT 304/DCO 200 when OSC is in a logic
low state. The first control signals CS1 control the conductive
states of switches 211-228 to cause a selected number of the
fine capacitors 231-236 to be coupled to node 202, and none
of the coarse capacitors 237-248 to be coupled to node 202.
When the switches 211-228 are controlled by the first control
signals CS1, DUT 304/DCO 200 generates an output clock
signal CLKOUT having a first frequency that is determined
by the number of fine capacitors coupled to node 202.
[0047] Also, when OSC is in a logic low state, the output
signal of inverter 306 is in a logic high state, causing AND
gate 307 to transmit the logic states of the CLKOUT signal to
a count input terminal of counter circuit 309. Counter circuit
309 counts the number of periods that occur in CLKOUT
when OSC is low. A period of CLKOUT is also referred to as
a cycle of CLKOUT. The binary value of the output count
signals CT1 of counter circuit 309 equals the number of
periods that were counted in CLKOUT while OSC was in a
logic low state. When OSC is low, AND gate 308 does not
transmit the CLKOUT signal to counter 310.

[0048] Multiplexer 303 transmits the second control sig-
nals CS2 in parallel to DUT 304/DCO 200 when OSC isin a
logic high state. The second digital control signals CS2 con-
trol the conductive states of switches 211-228 to cause only a
single coarse capacitor (one of capacitors 237-248) to be
coupled to node 202, and none of the fine capacitors 231-236
to be coupled to node 202. When the switches 211-228 are
controlled by the second control signals CS2, DUT 304/DCO
200 generates an output clock signal CLKOUT having a
second frequency that is determined by the coarse capacitor
coupled to node 202.

[0049] Also, when OSC is in a logic high state, the output
signal of inverter 306 is in a logic low state, preventing AND
gate 307 from transmitting the CLKOUT signal to counter
circuit 309. AND gate 308 transmits the logic states of CLK-
OUT to a count input terminal of counter 310 when OSC is in
a logic high state. Counter circuit 310 counts the number of
periods that occur in CLKOUT when OSC is in a logic high
state. The binary value of the output count signals CT2 of
counter circuit 310 equals the number of periods that were
counted in CLKOUT while OSC was in a logic high state.
[0050] The output count signals CT1 and CT2 of counters
309 and 310 are initially reset to zero binary values in
response to a Reset signal. After the output count signals of
counters 309 and 310 are reset, the output count signals CT1
and CT2 of counters 309 and 310 are allowed to increase in
response to each received period of CLKOUT for several
cycles of the OSC signal. As the OSC signal varies between
logic high and low states, the frequency of the CLKOUT
signal varies between the first and the second frequencies that
are determined by the control signals CS1 and CS2. At the
same time, the corresponding AND gates 307 and 308 alter-
nately allow counters 309 and 310 to count the frequency of
CLKOUT, respectively, as OSC varies between logic high
and low states over several cycles of OSC. Signal OSC has a
50% duty cycle, which causes the time period for measuring
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the first frequency of CLKOUT when OSC is in a logic low
state to be the same as the time period for measuring the
second frequency of CLKOUT when OSC is in a logic high
state. OSC varies between logic high and low states in each
period of OSC, and each of the counters 309 and 310 count
several periods of CLKOUT during each period of OSC.
[0051] The binary value of count signals CT1 increases by
one during each period of CLKOUT when OSC is in a logic
low state. The binary value of count signals CT?2 increases by
one during each period of CLKOUT when OSC is in a logic
high state. Subtract circuit 311 subtracts the binary value of
count signals CT2 from the binary value of count signals CT1
to generate digital output signals having a binary value that
equals F,r. Fpre equals the difference between the first
frequency and the second frequency. The technique described
above with respect to FIG. 3A is repeated several times to
generate several different values of F ;. During each mea-
surement of F,, . performed using the circuitry of FIG. 3A,
a different number of fine capacitors are coupled to node 202
to generate different values of the first frequency. Each fre-
quency measurement for the fine capacitors is subtracted
from a frequency measurement for the single coarse capacitor
over the same time period to generate F, ... Among the
several measurements of F ., the number of fine capacitors
coupled to node 202 that generates the minimum value of
F 57 equals the calibration number N.

[0052] The measurement circuitry of FIG. 3A measures the
first and second frequencies of CLKOUT in an interleaved
manner, because OSC is an oscillating periodic signal, and
counters 309 and 310 each count periods of CLKOUT in each
period of OSC. If the frequency of OSC is significantly larger
than the low frequency wander, the interleaved measurements
of the first and the second frequencies performed by the
circuitry of FIG. 3 A effectively attenuate the frequency wan-
der of both CLKOUT and the OSC signal. As a result, the
effects of frequency wander on the outcome of the frequency
measurements are significantly reduced or eliminated.
[0053] The frequency difference between the first and the
second frequencies can be determined over any desired num-
ber of cycles of the OSC signal generated by time base 305. If
a more accurate value of the frequency difference F - is
required, the first and the second frequencies are counted over
a larger number of cycles of OSC to increase the accuracy of
F 57 The period of OSC is preferably much longer than the
period of CLKOUT (e.g., 1000 times longer) so that counters
309 and 310 can count several periods of CLKOUT in each
half period of OSC.

[0054] Theperiod of the OSC signal generated by time base
305 should be large enough to allow sufficient fluctuations
caused by noise in each frequency count (during halfa period
of'the OSC signal) in order to avoid quantization limitations.
For example, if the count of periods in CLKOUT in each half
period of OSC s expected to be about 1000, the noise (i.e., the
frequency wander of both the OSC and CLKOUT signals)
should be much larger than 1 in that count. For example, the
noise may have an RMS value of 10.

[0055] The measurement circuitry of FIG. 3B includes reg-
isters 301 and 302, time base circuit 305, multiplexer circuit
303, device under test (DUT) 304, and up/down counter cir-
cuit 320. Registers 301 and 302, time base circuit 305, mul-
tiplexer circuit 303, and DUT 304 function as described
above with respect to FIG. 3A. DUT 304 is DCO 200. When
signal OSC is in a logic low state, multiplexer 303 transmits
first control signals CS1 from register 301 to DUT 304/DCO
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200, and in response, DCO 200 generates a first frequency in
CLKOUT that is determined by a selected number of fine
capacitors coupled to node 202. When signal OSC is in a logic
high state, multiplexer 303 transmits second control signals
CS2 from register 302 to DUT 304/DCO 200, and in
response, DCO 200 generates a second frequency in CLK-
OUT that is determined by a single coarse capacitor being
coupled to node 202.

[0056] Up/down counter 320 receives the CLKOUT clock
signal from DUT 304/DCO 200 at its CLK input terminal.
Up/down counter 320 receives the OSC signal at its UP/DN
input terminal. Up/down counter 320 generates digital output
count signals having a binary value equal to F 7.

[0057] Initially, the binary value of the count signals F -
is reset to zero in response to the Reset signal being asserted.
Subsequently, when the OSC signal is in a logic high state
during one-half of each cycle of OSC, up/down counter 320
increases the binary value of the count signals F , - by one in
each period of output clock signal CLKOUT from DCO 200.
When the OSC signal is in a logic low state during another
halfof each cycle of OSC, up/down counter 320 decreases the
binary value of the count signals F ;- by one in each period
of'output clock signal CLKOUT from DCO 200. After several
periods of signal OSC, the binary value of the output count
signals F, - indicates the difference between the first fre-
quency of CLKOUT and the second frequency of CLKOUT.

[0058] The difference F ;- between the first and the sec-
ond frequencies is proportional to the difference between the
combined capacitance of the selected number of fine capaci-
tors used to generate the first frequency and the capacitance of
the coarse capacitor used to generate the second frequency.
The technique described above with respect to FIG. 3B is
repeated several times to measure the frequency of CLKOUT.
During each frequency measurement, a different number of
fine capacitors are coupled to node 202. Each frequency mea-
surement for the fine capacitors is subtracted from a fre-
quency measurement for the single coarse capacitor over the
same time period to generate F,,,.. Among the several mea-
surements of F -, the number of fine capacitors coupled to
node 202 that generates the minimum value of F . equals
the calibration number N.

[0059] The worst-case error for the calibration number N is
50% of the capacitance of one fine capacitor using the tech-
nique of FIG. 3A or 3B. For example, if the calibration num-
ber is calculated to be 30 using the technique of FIG. 3A or
3B, then the correct number of the fine capacitors that equal
the capacitance of one coarse capacitor is at most 30.5:1 and
at least 29.5:1.

[0060] After the calibration number N has been determined
using, e.g., the technique of FIG. 3A or 3B, the calibration
number N is processed in digital loop filter 102, as described
below with respect to FIG. 4. FIG. 4 illustrates portions of a
digital loop filter and portions of a digitally controlled oscil-
lator in a digital phase-locked loop (PLL) or a delay chain in
a delay-locked loop (DLL), according to an embodiment of
the present invention. Digital loop filter 102 in PLL 100
includes fine shift register 401, coarse shift register 402, carry
register 404, borrow register 405, processing circuit 408, and
invert circuit 409. Fine capacitor array 406 and coarse capaci-
tor array 407 are part of DCO 103/200, or alternatively, are
part of a delay chain in a digital delay-locked loop, as
described in further detail below with respect to FIGS. 5-6.



US 2010/0148881 Al

The detailed circuit architecture of FIG. 4 is merely an
example that is not intended to limit the scope of the present
invention.

[0061] Capacitor array 406 includes several fine capacitors,
such as capacitors 231-236. Each of the fine capacitors is
coupled to a switch, such as switches 211-216. The switches
are coupled to node 202. Each of the fine capacitors in capaci-
tor array 406 have the same or about the same capacitance.
[0062] Capacitor array 407 includes several coarse capaci-
tors, such as capacitors 237-248. Each of the coarse capaci-
tors is coupled to a switch, such as switches 217-228. The
switches are coupled to node 202. Each of the coarse capaci-
tors in capacitor array 407 have the same or about the same
capacitance.

[0063] In one embodiment, each of the shift registers 401-
402 stores digital bits in logic high states (i.e., one bits) and/or
digital bits in logic low states (i.e., zero bits) in a set of serially
coupled flip-flops. The bits stored in registers 401-402 may be
encoded using any desired technique. For example, the bits
stored in registers 401-402 may be binary encoded bits or
thermometer-encoded bits. In a thermometer-encoded tech-
nique, the one bits in each shift register are stored in sequence,
and the zero bits in each shift register are also stored in
sequence. The following description of the detailed operation
of FIG. 4 assumes that a thermometer-encoding technique is
used to encode the bits stored in registers 401-402. The ther-
mometer-encoding technique is described herein for the pur-
pose of illustration and is not intended to limit the scope of the
present invention.

[0064] The bits stored in shift register 401 are referred to as
the fine bits. The fine bits stored in register 401 are transmitted
to capacitor array 406 in parallel through a signal bus. The
fine bits control the switches 211-216, etc. that are coupled to
the fine capacitors in fine capacitor array 406. Each fine bit
controls one switch. The logic state of each fine bit determines
the conductive state of one of the switches in array 406.
[0065] Inthe thermometer-encoded embodiment, each one
bit stored in shift register 401 closes a switch, and each zero
bit stored in shift register 401 opens a switch. When a switch
is closed, an additional capacitor in array 406 is coupled to
node 202, causing the frequency of output clock signal CLK-
OUT to decrease. When a switch is opened, an additional
capacitor in array 406 is decoupled from node 202, causing
the frequency of output clock signal CLKOUT to increase.
[0066] The bits stored in register 402 are referred to as the
coarse bits. The coarse bits stored in coarse shift register 402
are transmitted to array 407 in parallel through a signal bus.
The coarse bits control switches that are coupled to the coarse
capacitors in array 407. The logic state of each coarse bit
controls the conductive state of one of the switches coupled to
acoarse capacitor in array 407. The coarse bits in register 402
determine how many of the coarse capacitors in capacitor
array 407 are coupled to node 202 through the switches.
[0067] Prior to the operation of PLL 100, the measurement
technique of FIG. 3A or 3B (or another measurement tech-
nique) is performed to determine the frequency difference
F ;= between the measured first and second frequencies of
CLKOUT when several different numbers of fine capacitors
are coupled to node 202, as described above. The number of
fine capacitors coupled to node 202 that generates the small-
est frequency difference F ;- is selected to be the calibration
number N. The calibration number N is transmitted to pro-
cessing circuit 408, e.g., embodied in digital signals having
logic states equal to the logic states of the subset of the first
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control signals CS1 that controlled the switches coupled to
the fine capacitors when generating the minimum value of
FDIFF'

[0068] Processing circuit 408 generates a Q number of
digital output signals. Q equals the maximum number of bits
that can be stored in fine shift register 401. Q also equals the
number of fine capacitors in capacitor array 406. Processing
circuit 408 subtracts one from N to generate a (N-1) number
of'zero (0) bits (i.e., signals in logic low states) and a (Q-N+1)
number of one (1) bits (i.e., signals in logic high states).
Processing circuit 408 generates a (N-1) number of zero bits
among the Q digital output signals and a (Q-N+1) number of
one bits among the Q digital output signals.

[0069] The Q digital output signals of processing circuit
408 are transmitted in parallel to carry register 404 and to
invert circuit 409. The Q digital output signals of processing
circuit 408 are stored in flip-flops in carry register 404. An
N-1 number of zero bits are stored in register 404, and a
(Q-N+1) number of one bits are stored in register 404. The Q
digital signals stored in register 404 are transmitted to register
401 in parallel.

[0070] Invert circuit 409 inverts the logic states of the Q
digital output signals of processing circuit 408 to generate Q
inverted digital signals. Each one bit among the Q digital
output signals is converted to a zero bit, and each zero bit
among the Q digital output signals is converted to a one bit.
The Q inverted digital signals are transmitted in parallel to
borrow register 405. The Q inverted digital signals are stored
in flip-flops in borrow register 405. An N-1 number of one
bits are stored in borrow register 405, and a (Q-N+1) number
of zero bits are stored in borrow register 405. The Q inverted
digital signals stored in register 405 are transmitted in parallel
to register 401. In the thermometer-encoded embodiment, the
one bits are stored in sequence next to each other in registers
404-405, and the zero bits are stored in sequence next to each
other in resisters 404-405 (e.g., 000000011111).

[0071] Fine shift register 401 receives UP and DN input
signals that are generated in response to the phase detector
control signals from BBPFD 101. The UP and DN signals are
generated in digital loop filter 102 in response to the phase
detector control signals. Digital loop filter 102 asserts the UP
signal when the phase detector control signals indicate that
the frequency of the feedback clock signal FBCLK is greater
than the frequency of input clock signal CLK1 or the phase of
FBCLK is ahead of the phase of CLK1. Digital loop filter 102
asserts the DN signal when the phase detector control signals
indicate that the frequency of the feedback clock signal
FBCLK is less than the frequency of the input clock signal
CLK1 or the phase of FBCLK is behind the phase of CLK1.

[0072] When the UP signal is asserted, an additional one bit
is serially shifted into fine shift register 401 in each clock
period of a clock signal (not shown). The number of one bits
(i.e., bits in logic high states) stored in fine shift register 401
increases by one, and the number of zero bits (i.e., bits in logic
low states) stored in fine shift register 401 decreases by one
during each period of the clock signal that the UP signal is
asserted. Increasing the number of one bits stored in register
401 by one causes an additional fine capacitor to be coupled
to node 202, increasing the capacitance at node 202. When the
capacitance at node 202 increases, the phases and the fre-
quencies of the output clock signal CLKOUT and the feed-
back signal FBCLK decrease (i.e., logic state transitions
occur later in time).
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[0073] If the UP signal continues to be asserted, more one
bits are serially shifted into register 401. If the UP signal
continues to be asserted after all of the bits stored in register
401 are one bits, fine shift register 401 asserts the C1 carry
signal. The C1 carry signal is transmitted to register 402.
Asserting the C1 signal causes a one bit to be serially shifted
into coarse shift register 402. The one bit shifted into register
402 closes a switch in capacitor array 407 coupling an addi-
tional coarse capacitor to node 202.

[0074] When the C1 signal is asserted, fine shift register
401 loads the Q bits that are transmitted from carry register
404, and then register 401 transmits these loaded Q bits as fine
bits to control the switches in capacitor array 406. The Q fine
bits open an N-1 number of switches in capacitor array 406
and close a (Q-N+1) number of switches 211-216, etc. in
capacitor array 406. The Q fine bits from register 401 cause an
N-1number of fine capacitors to be decoupled from node 202
and a (Q-N+1) number of fine capacitors to be coupled to
node 202. Because N fine capacitors have the same or about
the same capacitance as one coarse capacitor, coupling one
additional coarse capacitor to node 202 and decouplinga N-1
number of fine capacitors from node 202 increases the total
capacitance at node 202 by about C, causing the phases and
the frequencies of the output clock signal CLKOUT and the
feedback signal FBCLK to decrease.

[0075] For example, if the calibration number N is mea-
sured to be 30 and Q equals 100, then register 404 stores 29
zero bits and 71 one bits. In this example, capacitor array 406
causes 29 switches to be open and 71 switches to be closed in
response to receiving the Q bits from register 401 after the
carry signal is asserted. As a result, 29 fine capacitors are
decoupled from node 202 and 71 fine capacitors are coupled
to node 202.

[0076] Ifthe UP signal continues to be asserted after the C1
signal has been asserted, then one bits continue to be serially
shifted into register 401. When all Q bits stored in register 401
are one bits, the C1 signal is asserted again. In response to the
C1 signal being asserted, the Q bits transmitted from carry
register 404 are again stored in register 401. Capacitor array
406 resets the conductive states of its switches according to
the logic states of the Q bits transmitted from registers 404
and 401, as described above.

[0077] Also, an additional one bit is serially shifted into
register 402 after the C1 signal is asserted. The additional one
bit stored in register 402 closes a switch in capacitor array 407
coupling an additional coarse capacitor to node 202. [fthe UP
signal continues to be asserted, this process repeats, until all
of the bits stored in register 402 are one bits, and all of the
capacitors in array 407 are coupled to node 202.

[0078] Another example of the operation of registers 401-
402 is now described using the assumption that all of the
capacitors in array 406 and array 407 are initially coupled to
node 202. When the DN signal is asserted, a zero bit s serially
shifted into fine shift register 401 in each clock period of the
clock signal. The number of one bits stored in fine shift
register 401 decreases, and the number of zero bits stored in
fine shift register 401 increases during each period of the
clock signal that the DN signal is asserted. Increasing the
number of zero bits stored in register 401 by one causes an
additional fine capacitor to be decoupled from node 202,
decreasing the capacitance at node 202. When the capaci-
tance at node 202 decreases, the phases and the frequencies of
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the output clock signal CLKOUT and the feedback signal
FBCLK increase (i.e., logic state transitions occur earlier in
time).

[0079] Ifthe DN signal continues to be asserted, more zero
bits are serially shifted into fine shift register 401. If the DN
signal continues to be asserted after all of the bits stored fine
shift register 401 are zero bits, register 401 asserts the Bl
borrow signal. The B1 borrow signal is transmitted to coarse
shift register 402. In response to the B1 signal being asserted,
a zero bit is serially shifted into coarse shift register 402. The
zero bit shifted into register 402 opens a switch in capacitor
array 407 decoupling a coarse capacitor from node 202.
[0080] Also, when the B1 signal is asserted, fine shift reg-
ister 401 loads the Q inverted digital signals that are trans-
mitted from register 405, and then register 401 transmits these
loaded Q inverted digital signals as Q fine bits to capacitor
array 406 to control switches 211-216, etc. The Q fine bits
close an N-1 number of switches in capacitor array 406 and
open a (Q-N+1) number of switches in capacitor array 406.
The Q fine bits from register 401 cause an N-1 number of fine
capacitors to be coupled to node 202 and a (Q-N+1) number
of fine capacitors to be decoupled from node 202. Because N
fine capacitors have the same or about the same capacitance
as one coarse capacitor, decoupling one additional coarse
capacitor from node 202 and coupling a N-1 number of fine
capacitors to node 202 decreases the total capacitance at node
202 by about Cg, causing the phases and the frequencies of
the output clock signal CLKOUT and the feedback signal
FBCLK to increase.

[0081] For example, if the calibration number N is mea-
sured to be 40, and if Q equals 100, then borrow register 405
stores 39 one bits and 61 zero bits. In this example, capacitor
array 406 causes 39 switches to be closed and 61 switches to
be open in response to receiving the Q fine bits from register
401. As a result, 39 fine capacitors are coupled to node 202,
and 61 fine capacitors are decoupled from node 202.

[0082] Ifthe DN signal continues to be asserted, then zero
bits continue to be serially shifted into register 401. After all
of' the bits stored in register 401 are zero bits, the B1 borrow
signal is asserted again, the Q inverted digital signals are
stored in register 401 as the fine bits, and an additional zero bit
is serially shifted into register 402. Capacitor array 406
adjusts the conductive states of switches 211-216, etc.
according to the logic states of the Q fine bits, as described
above. The additional zero bit stored in register 402 opens a
switch in capacitor array 407 decoupling an additional coarse
capacitor from node 202. If the DN signal continues to be
asserted, this process repeats, until all of the bits stored in
register 402 are zero bits, and all of the capacitors in array 407
are decoupled from node 202.

[0083] Further details of the operation of a digitally con-
trolled oscillator and a digital loop filter are described in
commonly-assigned, co-pending U.S. patent application Ser.
No. 12/272,266, filed Nov. 17,2008, which is incorporated by
reference herein in its entirety.

[0084] Various techniques of the present invention can also
be applied to digital loop filters and delay chains in delay-
locked loop circuits, particularly in digitally controlled delay-
locked loop circuits. FIG. 5 illustrates an example of a digi-
tally controlled delay-locked loop (DLL) circuit 500,
according to an embodiment of the present invention. DLL
500 includes phase detector 501, digital loop filter 502, and
delay chain 503. Delay chain 503 receives a periodic refer-
ence clock signal (RCLK) at an input terminal. Delay chain
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503 delays RCLK to generate a periodic feedback clock sig-
nal (FBCLK) at an output terminal.

[0085] Phase detector 501 receives the reference clock sig-
nal RCLK at a first input terminal. The feedback clock signal
FBCLK from delay chain 503 is transmitted to a second input
terminal of phase detector 501. Phase detector 501 compares
the phases of the reference clock signal RCLK and the feed-
back clock signal FBCLK to generate one or more digital
output signals UP/DN that vary in response to changes in the
difference in phase between RCLK and FBCLK.

[0086] The output signals UP/DN of phase detector 501 are
transmitted to one or more input terminals of digital loop filter
502. Loop filter 502 generates aset of D digital signals that are
transmitted to delay chain 503 in response to the UP/DN
signals. When the phase of FBCLK is ahead of the phase of
RCLK, DLL 500 increases the delay of delay chain 503,
causing the phase of the FBCLK signal to occur later in time.
When the phase of FBCLK is behind of the phase of RCLK,
DLL 500 decreases the delay of delay chain 503, causing the
phase of the FBCLK signal to occur earlier in time.

[0087] FIG. 6 illustrates an example of a delay circuit in the
delay chain of a digitally controlled delay-locked loop,
according to an embodiment of the present invention. Delay
circuit 600 shown in FIG. 6 delays an input clock signal IN to
generate a delayed output clock signal OUT. Delay circuit
600 has switches including switches 611-628 and capacitors
including capacitors 631-648. Each capacitor 631-648 is
coupled between a corresponding switch 611-628 and a ter-
minal that receives a ground voltage. Capacitors 631-636 are
fine capacitors, and capacitors 637-648 are coarse capacitors.
Each of the coarse capacitors 637-648 has a larger capaci-
tance than each of the fine capacitors 631-636.

[0088] One terminal of each of the switches 611-628 is
coupled to a node 602 in the other delay circuitry 601. The
other delay circuitry 601 may include, e.g., a number of
inverters coupled together in series to delay OUT relative to
IN. Delay circuit 600 is an example of the architecture of each
of the delay circuits in delay chain 503 that delay FBCLK
relative to the phase of RCLK. The delay circuits 600 in delay
chain 503 are coupled together in series.

[0089] Node 602 is coupled in the delay path between the
IN and OUT clock signals. For example, node 602 may be
located between the output terminal of one inverter and the
input terminal of the next inverter.

[0090] The D digital control signals generated by loop filter
502 control the conductive states of switches 611-628. Each
of the D digital control signals causes one of the switches
611-628 to be opened or closed. Closing one of the switches
causes a corresponding capacitor to be coupled to node 602.
Opening one of the switches causes a corresponding capaci-
tor to be decoupled from node 602. The D digital control
signals from filter 502 control switches coupled to fine and
coarse capacitors in each of the delay circuits 600 in delay
chain 503.

[0091] Loop filter 502 adjusts the delay of delay chain 503
in discrete increments of time by varying the total capacitance
at node 602. For example, the D digital control signals may
open one of switches 611-616 to decouple an additional fine
capacitor from node 602, thereby decreasing the delay pro-
vided to FBCLK relative to RCLK. As another example, the
D digital control signals may close one of switches 611-616 to
couple an additional fine capacitor to node 602, thereby
increasing the delay provided to FBCLK relative to RCLK.
When all of switches 611-616, etc. are closed, the delay
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provided to FBCLK can be further increased by closing one
of switches 617-628 and opening a N-1 number of switches
611-616, etc., where N is the calibration number. As with the
PLL embodiment, the calibration number equals the number
of fine capacitors having a combined capacitance when
coupled in parallel that most closely matches the capacitance
of one coarse capacitor.

[0092] The calibration number can be determined, e.g.,
using one of the measurement techniques shown in and
described above with respect to FIGS. 3A-3B by using delay
chain 503 as DUT 304. The delay chain can be configured as
an element in a ring oscillator (i.e., by coupling a feedback
loop around it). This configuration is used only during the
calibration phase. Once it is configured as an oscillator, it
takes the place of the DCO (DUT).

[0093] The calibration number N can be used to adjust the
D digital control signals to decouple a N-1 number of fine
capacitors from node 602 when a coarse capacitor is coupled
to node 602. The calibration number N can also be used to
adjust the D digital control signals to couple a N-1 number of
fine capacitors to node 602 when a coarse capacitor is
decoupled from node 602, as discussed above with respect to
FIG. 4.

[0094] According to another embodiment, DCO 200 or
delay chain 600 can have three different types of segmented
capacitors including fine capacitors 231-236 (or 631-636),
medium capacitors 237-242 (or 637-642), and large capaci-
tors 243-248 (or 643-648). Each of the medium capacitors has
a larger capacitance than each of the fine capacitors. Each of
the large capacitors has a larger capacitance than each of the
medium capacitors. Bits stored in register 401 control
switches coupled to the fine capacitors as discussed above. In
this embodiment, bits stored in coarse register 402 control
switches coupled to the medium capacitors, and bits stored in
a third shift register control switches coupled to the large
capacitors. The measurement circuitry and techniques of
FIG. 3A or 3B can be used to determine a number K of the
medium capacitors having a combined capacitance that most
closely equals a capacitance of one of the large capacitors.
The first control signals CS1 couple a selected number of
medium capacitors to node 202 (or 602), and the second
control signals CS2 couple a single large capacitor to node
202 (or 602). The number K is used to decouple K-1 of the
medium capacitors from node 202 (or 602) when one of the
large capacitors is coupled to node 202 (or 602). The number
Kisalsoused to couple K-1 of the medium capacitors to node
202 (or 602) when one of the large capacitors is decoupled
from node 202 (or 602).

[0095] FIG. 7 is a simplified partial block diagram of a field
programmable gate array (FPGA) 700 that can include
aspects of the present invention. FPGA 700 is merely one
example of an integrated circuit that can include features of
the present invention. It should be understood that embodi-
ments of the present invention can be used in numerous types
of integrated circuits such as field programmable gate arrays
(FPGAs), programmable logic devices (PLDs), complex pro-
grammable logic devices (CPLDs), programmable logic
arrays (PLAs), and application specific integrated circuits
(ASICs).

[0096] FPGA 700 includes a two-dimensional array of pro-
grammable logic array blocks (or LABs) 702 that are inter-
connected by a network of column and row interconnect
conductors of varying length and speed. LABs 702 include
multiple (e.g., 10) logic elements (or LEs).
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[0097] An LE is a programmable logic circuit block that
provides for efficient implementation of user defined logic
functions. An FPGA has numerous logic elements that can be
configured to implement various combinatorial and sequen-
tial functions. The logic elements have access to a program-
mable interconnect structure. The programmable intercon-
nect structure can be programmed to interconnect the logic
elements in almost any desired configuration.

[0098] FPGA 700 also includes a distributed memory
structure including random access memory (RAM) blocks of
varying sizes provided throughout the array. The RAM blocks
include, for example, blocks 704, blocks 706, and block 708.

These memory blocks can also include shift registers and
first-in-first-out (FIFO) buffers.

[0099] FPGA 700 further includes digital signal processing
(DSP) blocks 710 that can implement, for example, multipli-
ers with add or subtract features. Input/output elements
(IOEs) 712 located, in this example, around the periphery of
the chip, support numerous single-ended and differential
input/output standards. IOEs 712 include input and output
buffers that are coupled to pads of the integrated circuit. The
pads are external terminals of the FPGA die that can be used
to route, for example, input signals, output signals, and supply
voltages between the FPGA and one or more external devices.
It is to be understood that FPGA 700 is described herein for
illustrative purposes only and that the present invention can
be implemented in many different types of PLDs, FPGAs,
and ASICs.

[0100] The present invention can also be implemented in a
system that has an FPGA as one of several components. FIG.
8 shows a block diagram of an exemplary digital system 800
that can embody techniques of the present invention. System
800 can be a programmed digital computer system, digital
signal processing system, specialized digital switching net-
work, or other processing system. Moreover, such systems
can be designed for a wide variety of applications such as
telecommunications systems, automotive systems, control
systems, consumer electronics, personal computers, Internet
communications and networking, and others. Further, system
800 can be provided on a single board, on multiple boards, or
within multiple enclosures.

[0101] System 800 includes a processing unit 802, a
memory unit 8§04, and an input/output (I/O) unit 806 inter-
connected together by one or more buses. According to this
exemplary embodiment, an FPGA 808 is embedded in pro-
cessing unit 802. FPGA 808 can serve many different pur-
poses within the system of FIG. 8. FPGA 808 can, for
example, be a logical building block of processing unit 802,
supporting its internal and external operations. FPGA 808 is
programmed to implement the logical functions necessary to
carry onits particular role in system operation. FPGA 808 can
be specially coupled to memory 804 through connection 810
and to /O unit 806 through connection 812.

[0102] Processing unit 802 can direct data to an appropriate
system component for processing or storage, execute a pro-
gram stored in memory 804, receive and transmit data via [/O
unit 806, or other similar functions. Processing unit 802 can
be a central processing unit (CPU), microprocessor, floating
point coprocessor, graphics coprocessor, hardware controller,
microcontroller, field programmable gate array programmed
for use as a controller, network controller, or any type of
processor or controller. Furthermore, in many embodiments,
there is often no need for a CPU.
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[0103] For example, instead of a CPU, one or more FPGAs
808 can control the logical operations of the system. As
another example, FPGA 808 acts as a reconfigurable proces-
sor, which can be reprogrammed as needed to handle a par-
ticular computing task. Alternatively, FPGA 808 can itself
include an embedded microprocessor. Memory unit 804 can
be a random access memory (RAM), read only memory
(ROM), fixed or flexible disk media, flash memory, tape, or
any other storage means, or any combination of these storage
means.

[0104] The foregoing description of the exemplary
embodiments of the present invention has been presented for
the purposes of illustration and description. The foregoing
description is not intended to be exhaustive or to limit the
present invention to the examples disclosed herein. In some
instances, features of the present invention can be employed
without a corresponding use of other features as set forth.
Many modifications, substitutions, and variations are pos-
sible in light of the above teachings, without departing from
the scope of the present invention.

What is claimed is:

1. An apparatus comprising:

phase detection circuitry that generates control signals in

response to an input clock signal and a feedback clock
signal;

aclock signal generation circuit comprising fine and coarse

capacitors, the clock signal generation circuit changing
a capacitance of the capacitors that are affecting the
output clock signal in response to a change in the control
signals; and

measurement circuitry that determines a calibration num-

ber of the fine capacitors having a combined capacitance
that most closely matches a capacitance of one of the
coarse capacitors.

2. The apparatus defined in claim 1 wherein a number of the
fine capacitors affecting the output clock signal is based on
the calibration number when a number of coarse capacitors
affecting the output clock signal changes.

3. The apparatus defined in claim 1 wherein the apparatus
is configured to increase a capacitance at a node in the clock
signal generation circuit to decrease a phase of the output
clock signal by coupling one of the coarse capacitors to the
node and decoupling one less than the calibration number of
the fine capacitors from the node, and

wherein the apparatus is configured to decrease a capaci-

tance at the node in the clock signal generation circuit to
increase the phase of the output clock signal by decou-
pling one of the coarse capacitors from the node and
coupling one less than the calibration number of the fine
capacitors to the node.

4. The apparatus defined in claim 1 wherein the apparatus
is a phase-locked loop, the clock signal generation circuitis a
digitally controlled oscillator circuit, and the phase-locked
loop further comprises a frequency divider that generates the
feedback clock signal in response to the output clock signal.

5. The apparatus defined in claim 1 wherein the apparatus
is a delay-locked loop, the clock signal generation circuit is a
delay chain, and the feedback clock signal and the output
clock signal are the same signal.

6. The apparatus defined in claim 1 wherein each of the
coarse capacitors has a larger capacitance than each of the fine
capacitors.
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7. The apparatus defined in claim 1 wherein the phase
detection circuitry comprises a phase detector and a digital
loop filter coupled to the phase detector.

8. The apparatus defined in claim 1 wherein the apparatus
is a circuit fabricated on a programmable logic integrated
circuit.

9. The apparatus defined in claim 1 wherein the measure-
ment circuitry comprises a time base circuit that generates an
oscillating signal and a counter circuit that counts a first
number of periods in the output clock signal in a first half of
each period of the oscillating signal when a selected number
of'the fine capacitors are affecting a phase of the output clock
signal, and wherein a counter circuit counts a second number
of periods in the output clock signal in a second half of each
period of the oscillating signal when only one of the coarse
capacitors is affecting a phase of the output clock signal.

10. The apparatus defined in claim 1 wherein the phase
detection circuitry and the clock signal generation circuit are
coupled in a feedback loop.

11. The apparatus defined in claim 1 wherein the measure-
ment circuitry is fabricated on a first integrated circuit and the
phase detection circuitry and the clock signal generation cir-
cuit are fabricated on a second integrated circuit.

12. A circuit comprising:

phase detection circuitry that generates control signals in

response to an input clock signal and a feedback clock
signal; and

aclock signal generation circuit comprising fine and coarse

capacitors, the clock signal generation circuit changing
a capacitance of the fine and the coarse capacitors that
are affecting the output clock signal in response to a
change in the control signals,

wherein a measurement circuit determines a calibration

number of the fine capacitors having a combined capaci-
tance that most closely matches a capacitance of one of
the coarse capacitors, and a number of the fine capacitors
affecting the output clock signal is based on the calibra-
tion number when a number of coarse capacitors affect-
ing the output clock signal changes.

13. The circuit defined in claim 12 wherein the phase
detection circuitry comprises a register circuit that stores
signals generated based on the calibration number.

14. The circuit defined in claim 12 wherein the circuit is
configured to increase a capacitance at a node in the clock
signal generation circuit to increase a delay in the output
clock signal by coupling one of the coarse capacitors to the
node and decoupling one less than the calibration number of
the fine capacitors from the node using signals stored in a first
storage circuit, and

wherein the circuit is configured to decrease a capacitance

at the node in the clock signal generation circuit to
decrease the delay in the output clock signal by decou-
pling one of the coarse capacitors from the node and

Jun. 17,2010

coupling one less than the calibration number of the fine
capacitors to the node using signals stored in a second
storage circuit.

15. The circuit defined in claim 12 wherein the circuit is a
phase-locked loop, the clock signal generation circuit is a
digitally controlled oscillator circuit, and the phase-locked
loop further comprises a frequency divider that generates the
feedback clock signal in response to the output clock signal.

16. The circuit defined in claim 12 wherein the circuit is a
delay-locked loop, and the clock signal generation circuitis a
delay chain.

17. The circuit defined in claim 12 wherein the measure-
ment circuit comprises a time base circuit that generates an
oscillating signal and a counter circuit that counts a first
number of periods in the output clock signal in one half of
each period of the oscillating signal when a selected number
of'the fine capacitors is affecting the output clock signal, and
wherein a counter circuit counts a second number of periods
in the output clock signal in another half of each period of the
oscillating signal when only one of the coarse capacitors is
affecting the output clock signal.

18. A method for generating a periodic signal, the method
comprising:

comparing phases of a periodic input signal and a periodic

feedback signal to generate control signals;

varying a capacitance of fine and coarse capacitors that are

affecting a phase of a periodic output signal in response
to changes in the control signals; and

determining a calibration number of the fine capacitors that

have a combined capacitance most closely matching a
capacitance of one of the coarse capacitors.

19. The method defined in claim 18 wherein varying the
capacitance of fine and coarse capacitors that are affecting the
phase of the periodic output signal in response to changes in
the control signals further comprises increasing a capacitance
at a node to increase a delay in a phase of the periodic output
signal by coupling one of the coarse capacitors to the node
and decoupling one less than the calibration number of the
fine capacitors from the node, and decreasing a capacitance at
the nodeto decrease a delay in the phase of the periodic output
signal by decoupling one of the coarse capacitors from the
node and coupling one less than the calibration number of the
fine capacitors to the node.

20. The method defined in claim 18 wherein determining
the calibration number of the fine capacitors that have a
combined capacitance most closely matching a capacitance
of one of the coarse capacitors further comprises counting a
first number of periods in the periodic output signal in one
half of each period of an oscillating signal when a selected
number of the fine capacitors is affecting a phase of the
periodic output signal, and counting a second number of
periods in the periodic output signal in another half of each
period of the oscillating signal when only one of the coarse
capacitors is affecting a phase of the periodic output signal.
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