
LOW POWER AND LOW TIMING JITTER PHASE-LOCK LOOP AND
METHOD CROSS-REFERENCE TO RELATED APPLICATIONS [001]
The present application claims the benefit of the
filing date of U.S. Patent Application No. 10/868,284
entitled LOW POWER AND LOW TIMING JITTER PHASE-LOCK
LOOP AND METHOD, filed June 14, 2004, which is
incorporated herein by reference. TECHNICAL FIELD
[002] This invention relates to phase-lock loops for
generating one or more clock signals from an input
clock signal. BACKGROUND OF THE INVENTION [003]
Periodic digital signals are commonly used in a
variety of electronic devices. Probably the most
common of periodic digital signals are clock signals
that are typically used to establish the timing of a
digital signal or the timing at which an operation is
performed on a digital signal. For example, data
signals are typically coupled to and from memory
devices, such as synchronous dynamic random access
memory ("SDRAM") devices, in synchronism with a clock
or data strobe signal. [004] As the speed of memory
devices and other devices continue to increase, the
"eye" or period in which a digital signal, such as a
data signal, is valid becomes smaller and smaller,
thus making the timing of a strobe signal or other
clock signal used to capture the digital signal even
more critical. In particular, as the size of the eye
becomes smaller, the propagation delay of the strobe
signal can be different from the propagation delay of
the captured digital signal(s). As a result, the skew
of the strobe signal relative to the digital signal
can increase to the point where a transition of the
strobe signal is no longer within the eye of the
captured signal. [005] One technique that has been
used to ensure the correct timing of a strobe signal
relative to captured digital signals is to use a
phase-lock loop("PLL") to generate the strobe signal.
In particular, a phase-lock loop allows the timing of
the strobe signal to be adjusted to minimize the phase
error between the strobe signal and the valid eye of
the digital signal. For example, 



as shown in Figure 1, a conventional phase-lock loop
10 receives an input clock signal CLK IN and generates
an output clock signal CLK OUT from the CLKiN signal.
The phase- lock loop 10 includes a phase detector 12
that receives the input clock CLK IN signal and
compares the phase of the CLK IN signal to the output
clock signal CLK OUT - The phase detector 12 generates
an error signal VE that is indicative of the phase
error between the CLK IN signal and the CLK OUT
signal. This error signal VE is applied to a loop
amplifier 14, which normally has a relatively high
gain. The loop amplifier 14 generates an amplified
error signal VE+ [006] Although the VE signal has a
relatively low frequency component indicative of the
phase error between the CLK IN and CLK OUT signals, it
also normally includes harmonics of the CLK IN and CLK
OUT signals. As explained below, these harmonics would
cause the phase of the CLK OUT signal to periodically
vary at a high frequency, which is a trait known as
"phase noise." To minimize the phase noise, the
amplified VE signal is applied to a loop filter 16,
which is normally a low-pass filter having a cutoff
frequency that is well below the frequency of the CLK
IN signal. The loop filter 16 therefore generates a
relatively low frequency control signal VCON that is
applied to a voltage controlled oscillator ("VCO") 20.
A single component, such as an operational amplifier
(not shown), is often used for both the loop filter 16
and the loop amplifier 14. The VCO 20 generates the
CLK OUT signal with a frequency that is proportional
to the magnitude of the VCONsignal. [007] In
operation, the closed-loop nature of the phase-lock
loop 10 causes the phase of the CLK OUT signal from
the VCO 20 to be adjusted so that the phase of the CLK
OUT signal differs from the phase of the CLK IN by a
phase error that causes the VCON signal to have a
magnitude that maintains the frequency of the CLK OUT
signal equal to the frequency of the CLKIN signal. In
general terms, a small phase error can be maintained
by using a loop amplifier 14 having a larger gain
since a given phase error will produce a larger
control voltage VCON -[008] Another conventional
phase-lock loop 30 is shown in Figure 2. 



The phase-lock loop 30 is substantially identical in
structure and operation to the phase-lock loop 10 of
Figure 1. Therefore, in the interest of brevity,
identical components have been provided with the same
reference numerals, and an explanation of their
function and operation will not be repeated. The
phase-lock loop 30 differs from the phase-lock loop 10
by including a frequency divider 34 in the signal path
from the VCO 20 to the phase detector 12. The
frequency divider 34 is programmable to reduce the
frequency of the CLKouT signal by dividing it by any
integer value N. Therefore, if the CLKouT signal has a
frequency of F0, the signal fed back to the phase
detector 12 will have a frequency of Fo/N. [009] In
operation, the closed loop nature of the phase-lock
loop 30 will cause the VCON signal to have a value
that ensures that the frequency of the signals applied
to the phase detector 12 are equal to each other.
Thus, if the CLKiN signal has a frequency of FIN, the
frequency Fo/N of the signal fed back to the phase
detector 12 will also be F1N , i.e., F0/N=F IN .
Solving this equation for Fo, it can be seen that
F0=N*F| N, i.e., the CLK OUT signal will have a
frequency that is an integer multiple of the frequency
of the CLK1N signal. [010] Although phase-lock loops
have been successful in allowing digital signals to be
captured in a digital device operating at a high
speed, they are not without their disadvantages hi
particular, phase-lock loops can consume a great deal
of power, which can be a significant disadvantage in
certain applications, such as in battery powered
devices like laptop computers. The magnitude of the
power consumed by phase-lock loops is a function of
several parameters. In general, the power consumed by
a phase-lock loop is directly proportional to the
frequency of the signal generated by the loop since
power is consumed each time a transistor is switched
between two logic levels. Unfortunately, a high
operating frequency is needed to match the high
operating speed of digital devices, thus making it
impractical to minimize power consumption. Also, a
high operating frequency has the advantage of reducing
the time required for the phase-lock loop to achieve a
locked condition. 



[011] Phase-lock loops can also exhibit problem other
than those related to power consumption. A clock
signal produced by a phase-lock loopcan have an
unacceptable amount of phase noise, particularly if
the loop amplifier 14 has a high gain, which, as
explained above, is desirable to provide good phase
control. While phase noise can be reduced by reducing
the frequency response of the loop filter 16, doing so
can reduce the ability of the loop to respond to
variations in the frequency of the CLK IN signal and
may unduly increase the time required for the loop to
achieve lock. [012] The effect of phase noise and
other noise sources can be explained with reference to
the phase-lock loop shown in Figure 3, which is the
phase-lock loop 30 of Figure 2 to which noise sources
QNI , QN2, and QN3 have been added. Also shown in
Figure 3 are the gain of the phase detector 12 as Kf,
the transfer function of the loop amplifier 14 as
ZF(S), and the transfer function of the VCO 20 as
KVco/S. The noise source QNI is the phase noise in the
CLK1N signal, which can result, for example, from
variations in power supply voltage. The noise source
QN2 is electrical noise in the loop filter 16, which
can result, for example, from cross coupling of
signals in the loop filter 16. The noise source QN3 is
phase noise in the voltage controlled oscillator 20.
The open loop gain G(S) of the phase-lock loop 30 is
given by the formula G(S)=K FZF(S)K VCO/S, and the
transfer function between all of these noise sources
and the output signal CLK OUT, can be expressed by the
following formulae: [013] HN 1(S)=NG(S)/(1+G(S))
(Graph 1) [014] HN2(S)=Kvco/S(l+G(S)) (Graph 2) [015]
HN3(S)=1/(1+G(S)) (Graph 3) [016] Graphs for these
formulae are shown in Figure 4. As explained below,
similar graphs for an embodiment of the invention can
be favorably compared to these graphs. [017] There is
therefore a need for a phase-lock loop that can
operate at a high frequency and yet consume relatively
little power, and can operate over a wide frequency
range and relatively quickly achieve a locked
condition. SUMMARY OF THE INVENTION 



[018] A phase-lock loop and method is used to generate
an output clock signal responsive to an input clock
signal. The phase-lock loop includesa phase detector
that generates a phase error signal indicative of a
relationship between the phase of the input clock
signal and the phase of the output clock signal. The
phase-lock loop also includes a voltage controlled
oscillator that generates a clock signal having a
frequency corresponding the phase error signal.
However, the clock signal from the voltage controlled
oscillator is not used as the output clock signal.
Instead, the clock signal from the voltage controlled
oscillator is coupled to a frequency multiplier that
generates the output clock signal with a frequency
that is a multiple, such as an integer multiple, of
the frequency of the clock signal generated by the
voltage controlled oscillator. The voltage controlled
oscillator may be a ring oscillator formed by a
plurality of delay elements that are coupled to each
other in a ring and have a respective delay control
terminal that controls the signal propagation delay
through the delay element. The delay control terminal
of each of the delay elements is coupled to the output
of the phase detector so that the signal propagation
delay of each of the delay elements corresponds to the
phase error signal. Each of the delay elements
generates a respective phase of the clock signal
generated by the voltage controlled oscillator. If the
voltage controlled oscillator generates multi-phased
signals, the frequency multiplier may be a clock
serializer that transitions the output clock signal
between two levels responsive to each transition of
any of the phases of the clock signal from the
respective delay elements. BRIEF DESCRIPTION OF THE
DRAWINGS [019] Figure 1 is a block diagram of one type
of conventional phaselock loop circuit. [020] Figure 2
is a block diagram of another type of conventional
phase-lock loop circuit. [021] Figure 3 is a block
diagram of the phase-lock loop of Figure 2 after being
annotated to show various noise sources. [022] Figure
4 is a graph showing the effect on an output signal
from the phase-lock loop of Figure 2 of the noise
sources shown in Figure 3. 



[023] Figure 5 is a block diagram of a phase-lock loop
circuit according to one embodiment of the
invention.[024] Figure 6 is a block diagram of the
phase-lock loop of Figure 5 after being annotated to
show various noise sources. [025] Figure 7 is a graph
showing the effect on an output signal from the
phase-lock loop of Figure 5 of the noise sources shown
in Figure 6. [026] Figure 8 is a block diagram of a
phase-lock loop circuit according to another
embodiment of the invention. [027] Figure 9 is a block
diagram of a phase-lock loop circuit according to
another embodiment of the invention. [028] Figure 10
is a schematic diagram of a clock serializer circuit
that can be used in the phase-lock loop circuit of
Figure 9. [029] Figure 11 is a timing diagram showing
the signals applied to and generated by the clock
serializer circuit of Figure 10. [030] Figure 12 is a
block diagram of a phase-lock loop circuit according
to still another embodiment of the invention. [031]
Figure 13 is a block diagram of a memory device using
phaselock loops according to the present invention to
generate write data and read data strobe signals for
strobing data bits into and out of the memory device.
[032] Figure 14 is a block diagram of one embodiment
of a computer system using the memory device of Figure
13 or some other embodiment of a memory device in
accordance with the invention. DETAILED DESCRIPTION
[033] One embodiment of a phase-lock loop circuit 40
for generating an output clock signal CLK OUT from an
input clock signal CLK IN in accordance with the
present invention is shown in Figure 5. The phase-lock
loop 40 is similar in structure and operation to the
phase-lock loop 10 of Figure 1. Therefore, in the
interest of brevity, identical components have been
provided with the same reference numerals, and an
explanation of their function and operation will not
be repeated. The phase-lock loop 40 differs from the
phase-lock loops 10, 30 by including a frequency
multiplier 44 in the signal path from the VCO 20 to
the phase detector 12. Also, the signal VOUT 



generated by the phase-lock loop 40 is taken at the
output of the frequency multiplier 44 rather than at
the output of the VCO 20 as in the phase-lock loop30
of Figure 2. The frequency multiplier 44 is
programmable to multiply the frequency of the signal
at the output of the VCO 20 by any integer value N.
Therefore, if the signal at the output of the VCO 20
has a frequency of F0, the signal CLK OUT back to the
phase detector 12 will have a frequency of N*F0. [034]
In operation, the closed loop nature of the phase-lock
loop 40 will cause the VCON signal to have a value
that ensures that the frequency of the CLKouT signal
fed back to the phase detector 12 to have a frequency
that is equal to the frequency of the CLK IN signal
that is also applied to the phase detector 12. Thus,
if the CLK1N signal has a frequency of F IN, the
frequency N*Fo of the CLKouT signal fed back to the
phase detector 12 will also be FIN , i.e., N*Fo =FIN.
Solving this equation for F0, it can be seen that FO=F
N ZN, i.e., the signal at the output of the VCO 20
will have a frequency that is the frequency of the CLK
1 signal reduced by a factor of N, although the CLK
OUT signal will have a frequency that is equal to the
frequency of the CLK IN signal. [035] The advantage of
the phase-lock loop 40 is that the operating frequency
of the VCO 12 is reduced by a factor of N, while the
frequency of the CLK OUT signal is maintained at the
same high frequency as the frequency of the CLK IN
signal. Since the phase detector 12 is still receiving
the same high frequency signals, the harmonic
components of the VE signal generated at its output
still relatively high even though the VCO 12 is
operating at a much lower frequency, thereby making it
easier for the loop filter 16 to filter the high
frequency components. Also, the high frequency of the
CLK IN and CLK OUT signals applied to the phase
detector 12 allows the phase lock loop 40 to achieve
lock substantially sooner than could be achieved if
the signals applied to the phase detector 12 had a
frequency commensurate with the operating frequency of
the VCO 20. The phase lock loop 40 also has the
advantage of reducing the effect on the output signal
CLK OUT of phase noise in the input signal CLK IN, as
shown in Figure 6. Figure 6 shows the phaselock loop
40 of Figure 5 to which the previously described noise
sources QNI, 



QN2, and QN3 have been added. Also, as before, the
gain of the phase detector 12 is shown as Kf, the
transfer function of the loop amplifier 14 is shown as
ZF(S), and the transfer function of the VCO 20 is
shown as Kvco/S. The openloop gain G(S) of the
phase-lock loop 40 is again given by the formula The
transfer function between all of these noise sources
and the output signal CLK OUT, can be expressed by the
following formulae: [036] HNI(S)=(G(S)/N)/(1+G(S))
(Graph 1) [037] HN2(S)=Kvco/NS(l+G(S)) (Graph 2) [038]
HN3(S)=1/(1+G(S)) (Graph 3) [039] Graphs for these
formulae are shown in Figure 7. As can be seen by
comparing Figure 7 to Figure 4, the effects on the
output signal CLK OUT of all of the noise sources
except for the VCO noise are significantly reduced.
[040] Although the CLKOUT signal is shown in Figure 5
as being coupled to the phase detector 12 directly
from the output of the frequency multiplier 44, it may
alternatively be coupled to the to the phase detector
12 through a clock tree as shown in the phase lock
loop 50 Figure 8. Again, since the phase-lock loop 50
is similar in structure and operation to the
phase-lock loop 40 of Figure 5, identical components
have been provided with the same reference numerals,
and an explanation of their function and operation
will not be repeated. The phase-lock loop 50 includes
a clock tree 52 through which the CLK OUT signal is
coupled. The clock tree 52 includes a branch 54 that
is coupled to a data output latch 56 that receives a
data bit DATA and applies the data bit DATA to a data
bus terminal 58 responsive to transition of the CLK
OUT signal. By coupling the CLK OUT signal to the
phase detector 12 from the clock tree 52, the
phase-lock loop 50 insures that the data bit DATA bit
is coupled to the data bus terminal 58 in synchronism
with the CLK1N signal. [041] A phase-lock loop 70
according to one embodiment of the invention is shown
in greater detail in Figure 9. The phase-lock loop 70
includes a phase detector 72 that receives a CLK IN
signal and a feedback clock signal CLK FB. The phase
detector 72 includes an up/down control circuit 74 



that generates either a "DOWN" signal to decrease the
frequency of a CLK OUT signal output from a clock tree
76 or an "UP" signal to increase the frequency of the
CLK OUT signal output from a clock tree 76. The phase
detector 72 also includes a charge pump 78 that
receives the DOWN and UP signals. Basically, the
charge pump 78 generates an error voltage VE that
increases inmagnitude responsive to the UP signal, and
decreases in magnitude responsive to the DOWN signal.
[042] The up/down control circuit 74 includes a first
flip-flop 80 that is clocked by the CLK FB signal, and
a second flip-flop 82 that is clocked by the CLK1N
signal. The supply voltage Vcc is coupled to both of
the flip-flops 80, 82. Thus, the DOWN signal is
generated whenever the CLK FB signal transitions high,
and the UP signal is generated whenever the CLK IN
signal transitions high. However, the DOWN and UP
signals are applied to an AND gate 84, which couples a
reset signal through a driver 86 to reset terminals of
the flip-flops 80, 82. Therefore the flip-flop 80 is
set to generate the DOWN signal only until the UP
signal is generated, and the flip-flop 82 is set to
generate the UP signal only until the DOWN signal is
generated. The duration of the DOWN signal is thus
substantially equal to the time that the phase of the
CLK FB signal leads the phase of the CLK IN signal,
and the duration of the UP signal is substantially
equal to the time that the phase of the CLK FB signal
lags the phase of the CLK N signal. [043] The error
signal VE generated by the phase detector is applied
to a loop filter 90, which is formed by a low-pass
filter formed by a capacitor 92 that increasingly
attenuates the error signal V E as a function of
frequency and a series combination of a capacitor 94
and resistor 96 that increasingly attenuates the error
signal VE as a function of frequency only until the
impedance of the capacitor 94 is substantially equal
to the impedance of the resistor 96. [044] The loop
filter 90 is coupled to the input of a self-biasing
circuit 100 that generates a pair of control voltages
VCON+ and VCON- that are applied to respective control
inputs of a ring oscillator 102. The ring oscillator
102 includes 4 delay stages 104a-d each of which
includes a non-inverting 



input, an inverting input and inverting and
non-inverting outputs, in addition to the + and -
control inputs. The delay stages 104a-d are coupled in
series with each other and from the last delay stage
104d to the first delay stage 104a with each inverting
output coupled to a non-inverting input, and each
noninverting output coupled to an inverting input.
Insofar as there are an even number of delay stages
104a-d, the delay stages 104a-d are unstable and
therefore oscillate at a frequency that is a function
by the propagation delaythrough each of the stages
104a-d. The propagation delay through each of the
stages is controlled by the VCON+ and VCON- control
voltages that are applied to + and - control inputs,
respectively, of the delay stages 104a-d. Therefore,
the delay stages 104a-d operate at a frequency that is
determined by the VCON+ and VCON- control voltages.
[045] The outputs of each of the delay stages 104a-d
are coupled to a respective buffer 106a-d. The buffers
106 collectively generate four clock signals and their
compliments, which are labeled CK0-CK7. These clock
signals are applied to an 8:1 serializer circuit 110
that generates an output clock signal CLK OUT that is
applied to the clock tree 76. Significantly, the
CLKouT signal generated by the serializer circuit 110
has a frequency that is four times the operating
frequency of the ring oscillator 102. The serializer
circuit 110 thus functions as the frequency multiplier
44 used in the phase-lock loops 40, 50 of Figures 5
and 8, respectively. The ring oscillator 102 and
serializer circuit 110 therefore generate a relatively
high frequency clock signal while the ring oscillator
102 consumes the relatively low power resulting from
generating a relatively low frequency clock signal.
[046] The CLK OUT signal generated by the serializer
circuit 110 is coupled from a location in the clock
tree 76 to the phase detector 72 preferably through an
I/O model circuit 112. The I/O model circuit 112 is a
delay circuit that compensates for any delay of the
CLK OUT signal or a signal strobed by the CLK OUT
signal downstream from the location where the CLK OUT
signal is coupled from the clock tree 76. For example,
if the CLK OUT signal is coupled from the clock tree
76 at the input to the latch 56 (Figure 8), the I/O
model circuit would compensate for the delay of the
DATA bit as it is coupled from 



the latch 56 to the data bus terminal 58. [047] One
embodiment of a clock serializer circuit 120 that can
be used as the clock serializer circuit 110 of Figure
9 is shown in Figure 10. The serializer circuit
includes four parallel branches 122a-d of first and
second NMOS transistors 124, 126 coupled in series,
which have been provided with odd-numbered
designations for reasons that will become apparent
later. The serializer circuit also includes four
parallel branches 130a-d of first and second NMOS
transistors 132, 134 coupled in series, which have
been provided with even-numbered designations. The
transistor branches 122 are coupled to thedrain of a
first PMOS transistor 140, and the transistor branches
130 are coupled to the drain of a second PMOS
transistor 142. The PMOS transistors 140, 142 are
biased ON by their gates being coupled to ground. The
drains of the PMOS transistors 140, 142 constitute
intermediate complimentary output clock signals CLK
and CLK*. [048] The CLK and CLK* signals are coupled
to a gain stage 150 that includes a pair of PMOS
transistors 152, 154 biased ON by having their gates
coupled to ground, and a pair of NMOS transistors 156,
158 biased ON by having their gates coupled to a
supply voltage Vcc- The CLK signal is coupled to the
gate of a first NMOS switching transistor 160, and the
CLK* signal is coupled to the gate of a second NMOS
switching transistor 162, which generates the CLK OUT
signal at its drain. If desired a complimentary CLKouT
signal can be generated at the drain of the NMOS
transistor 160. [049] The operation of the clock
serializer circuit 120 will now be explained with
reference to the timing diagram of Figure 11. The
phases of the CK0-CK7 signals form 8 discrete time
periods, which have been labeled as such in Figure 11.
The numbers of these time periods correspond to the
numbers that have been used to label the transistor
branches 122, 130 in Figure 10. It can be seen that
the transistors in each numbered branch are both ON
during the correspondingly numbered time. For example,
the transistors 124, 126 in the branch 122a are both
ON during the time period "1" when the CKO and CK5
signals are both high. Similarly, the transistors 132,
134 in the branch 130a are both ON during the time
period "2" when the CKl and CK6 



signals are both high. As a result, the CLK OUT signal
from the serializer circuit 110 toggles on every
transition of any of the CK0-CK7 signals so that it
has 4 times the frequency of the CK0-CK7 signals, as
shown in Figure 11. [050] Another embodiment of a
phase-lock loop 170 according to the present invention
is shown in Figure 12. The phase-lock loop 170 uses
many of the components used in the phase-lock loop 70
of Figure 9 and, therefore, an explanation of their
function and operation will not be repeated. The
phase-lock loop 170 differs from the phase-lock loop
70 by coupling the 4 phased clock signals CK0-CK3 to
the clock tree 76 where they can be used for various
functions where a multi-phased clock signal is useful.
For example, they can be used to coupled 4 bits of
data to each of several data bus terminals.In either
case, the CK0-Ck3 signals are coupled from the clock
tree 76 to the serializer circuit 110, which generates
a single CLK signal that is coupled to the I/O model
circuit 112 and used as described above with reference
to Figure 9. [051] As mentioned above, the phase-lock
loops of the present invention can be used to generate
a read data strobe and a write data strobe in a memory
device. With reference to Figure 13, a synchronous
dynamic random access memory ("SDRAM") 200 includes a
command decoder that controls the operation of the
SDRAM 200 responsive to high-level command signals
received on a control bus 206 and coupled thorough
input receivers 208. These high level command signals,
which are typically generated by a memory controller
(not shown in Figure 13), are a clock enable signal
CKE*, a clock signal CLK, a chip select signal CS*, a
write enable signal WE*, a row address strobe signal
RAS*, a column address strobe signal CAS*, and a data
mask signal DQM, in which the "*" designates the
signal as active low. The command decoder 204
generates a sequence of command signals responsive to
the high level command signals to carry out the
function (e.g., a read or a write) designated by each
of the high level command signals. These command
signals, and the manner in which they accomplish their
respective functions, are conventional. Therefore, in
the interest of brevity, a further explanation of
these command signals will be omitted. 



[052] The SDRAM 200 includes an address register 212
that receives row addresses and column addresses
through an address bus 214. The address bus 214 is
generally coupled through input receivers 210 and then
applied to a memory controller (not shown in Figure
14). A row address is generally first received by the
address register 212 and applied to a row address
multiplexer 218. The row address multiplexer 218
couples the row address to a number of components
associated with either of two memory banks 220, 222
depending upon the state of a bank address bit forming
part of the row address. Associated with each of the
memory banks 220, 222 is a respective row address
latch 226, which stores the row address, and a row
decoder 228, which decodes the row address and applies
corresponding signals to one of the arrays 220 or 222.
The row address multiplexer 218 also couples row
addresses to the row address latches 226 for the
purpose of refreshing the memory cells inthe arrays
220, 222. The row addresses are generated for refresh
purposes by a refresh counter 230, which is controlled
by a refresh controller 232. The refresh controller
232 is, in turn, controlled by the command decoder
204. [053] After the row address has been applied to
the address register 212 and stored in one of the row
address latches 226, a column address is applied to
the address register 212. The address register 212
couples the column address to a column address latch
240. Depending on the operating mode of the SDRAM 200,
the column address is either coupled through a burst
counter 242 to a column address buffer 244, or to the
burst counter 242 which applies a sequence of column
addresses to the column address buffer 244 starting at
the column address output by the address register 212.
In either case, the column address buffer 244 applies
a column address to a column decoder 248. [054] Data
to be read from one of the arrays 220, 222 is coupled
to the column circuitry 254, 255 for one of the arrays
220, 222, respectively. The data is then coupled
through a data output register 256 and data output
drivers 257 to a data bus 258. The data output drivers
257 apply the read data to the data bus 258 responsive
to a read data strobe generated by a phase-lock loop
259 in accordance with the present invention. The
phase-lock loop 259 



receives a periodic CLKI N signal and generates a CLK
OI IT signal, as explained above. The CLK OUT signal
is used as a read data strobe so that the read data
are coupled to the data bus 258 in substantially in
phase with the CLK IN signal. [055] Data to be written
to one of the arrays 220, 222 are coupled from the
data bus 258 through data input receivers 260 to a
data input register 261. The write data are coupled
from the data bus 258 responsive to the CLK OUT
signal, which is used as a write data strobe. As a
result, the write data are coupled into the SDRAM 200
from the data bus 258 substantially in phase with the
CLK IN signal. Alternatively, the phase-lock loop can
be designed so that the phase detector used therein
generates a minimum error signal when the CLK FB
signal is the quadrature of the CLK IN signal using
techniques that are well known to one skilled in the
art so that the write data are coupled into the SDRAM
200 at the center of a "data eye" corresponding to the
CLK IN signal. In either case, the write data are
coupled to the column circuitry 254,255 where they are
transferred to one of the arrays 220, 222,
respectively. A mask register 264 responds to a data
mask DM signal to selectively alter the flow of data
into and out of the column circuitry 254, 255, such as
by selectively masking data to be read from the arrays
220, 222. [056] Figure 14 shows an embodiment of a
computer system 300 that may use the SDRAM 200 or some
other memory device that used one of the embodiments
of a phase-lock loop described above or some other
embodiment of the invention. The computer system 300
includes a processor 302 for performing various
computing functions, such as executing specific
software to perform specific calculations or tasks.
The processor 302 includes a processor bus 304 that
normally includes an address bus, a control bus, and a
data bus. In addition, the computer system 300
includes one or more input devices 314, such as a
keyboard or a mouse, coupled to the processor 302 to
allow an operator to interface with the computer
system 300. Typically, the computer system 300 also
includes one or more output devices 316 coupled to the
processor 302, such output devices typically being a
printer or a video terminal. One or more data storage
devices 518 are also typically coupled to 



the processor 302 to store data or retrieve data from
external storage media (not shown). Examples of
typical storage devices 318 include hard and floppy
disks, tape cassettes, and compact disk read-only
memories (CD-ROMs). The processor 302 is also
typically coupled to a cache memory 326, which is
usually static random access memory ("SRAM") and to
the SDRAM 200 through a memory controller 330. The
memory controller 330 includes an address bus coupled
to the address bus 214 (Figure 13) to couple row
addresses and column addresses to the SDRAM 200. The
memory controller 330 also includes a control bus that
couples command signals to the control bus 206 of the
SDRAM 200. The external data bus 258 of the SDRAM 200
is coupled to the data bus of the processor 302,
either directly or through the memory controller 330.
[057] From the foregoing it will be appreciated that,
although specific embodiments of the invention have
been described herein for purposes of illustration,
various modifications may be made without deviating
from the spirit and scope of the invention.
Accordingly, the invention is not limited except as by
the appended claims.CLAIMS We claim: 1. A phase-lock
loop generating an output clock signal responsive to
an input clock signal, comprising: a phase detector
having a first input receiving the input clock signal
and a second input receiving the output clock signal,
the phase detector generating a phase error signal at
an output that is indicative of a relationship between
the phase of the input clock signal and the phase of
the output clock signal; a voltage controlled
oscillator having an input coupled to the output of
the phase detector, the voltage controlled oscillator
generating a clock signal at an output that has a
frequency corresponding the phase error signal; and a
frequency multiplier having an input coupled to
receive the clock signal from the output of the
voltage controlled oscillator, the frequency 



multiplier generating the output clock signal at an
output having a frequency that is a multiple of the
frequency of the clock signal received from the output
of the voltage controlled oscillator, the output of
the frequency multiplier being coupled to the second
input of the phase detector. 2. The phase-lock loop of
claim 1 wherein the phase error signal is indicative
of the difference between the phase of the input clock
signal and the phase of the output clock signal. 3.
The phase-lock loop of claim 1 wherein the phase error
signal is indicative of the difference between the
phase of the input clock signal and the sum of the
phase of the output clock signal and plus or minus 90
degrees. 4. The phase-lock loop of claim 1, further
comprising a loop filter coupled between the output of
the phase detector and the input of the voltage
controlled oscillator.5. The phase-lock loop of claim
1, further comprising a loop amplifier coupled between
the output of the phase detector and the input of the
voltage controlled oscillator. 6. The phase-lock loop
of claim 1 wherein the output clock signal generated
by the frequency multiplier has a frequency that is an
integer multiple of the frequency of the clock signal
received from the output of the voltage controlled
oscillator. 7. The phase-lock loop of claim 1, further
comprising a clock tree coupled to receive the output
clock signal from the frequency multiplier, the second
input of the phase detector being coupled to the clock
tree so that the second input of the phase detector
receives the output clock signal from the frequency
multiplier through the clock tree. 8. The phase-lock
loop of claim 1 wherein the voltage controlled
oscillator comprises a ring oscillator. 9. The
phase-lock loop of claim 8 wherein the ring oscillator
comprises a plurality of delay elements that are
coupled to each other in a ring in an unstable
relationship, each of the delay elements having a
respective delay control terminal that controls the
signal propagation delay 



through the delay element, the delay control terminal
of each of the delay elements being coupled to the
output of the phase detector so that the signal
propagation delay of each of the delay elements
corresponds to the phase error signal, each of the
delay elements generating a respective phase of the
clock signal generated by the voltage controlled
oscillator. 10. The phase-lock loop of claim 9 wherein
the frequency multiplier comprises a clock serializer
coupled to receive each of the phases of the clock
signal from the respective delay elements, the clock
serializer being operable to transition the output
clock signal on each transition of any of the phases
of the clock signal from the respective delay
elements. 11. The phase-lock loop of claim 10 wherein
the clock serializer comprises:a first plurality of
transistor coupled in parallel with each other between
a first output node and a first reference voltage,
each of the transistors in the first plurality being
coupled to alternating ones of the delay elements; and
a second plurality of transistor coupled in parallel
with each other between a second output node and a
second reference voltage, each of the transistors in
the second plurality being coupled to alternating ones
of the delay elements to which the transistors in the
first plurality are not connected. 12. The phase-lock
loop of claim 11 wherein the first and second
reference voltages comprise ground potential. 13. The
phase-lock loop of claim 9, further comprising a clock
tree coupled to the voltage controlled oscillator to
receive the phases of the clock signal generated by
the respective delay elements. 14. The phase-lock loop
of claim 13 wherein the frequency multiplier comprises
a clock serializer coupled to the clock tree to
receive each of the phases of the clock signal from
the respective delay elements through the clock tree,
the clock serializer being operable to transition the
output clock signal on each transition of any of the
phases of the clock signal from the respective delay
elements. 15. The phase-lock loop of claim 1 wherein
the phase 



detector comprises: an up/down control circuit that is
operable to generate a down signal responsive to the
output clock signal leading the input clock signal and
an up clock signal responsive to output clock signal
lagging the input clock signal; and a charge pump
coupled to the up/down control circuit, the charge
pump generating the error signal with a magnitude that
causes a decrease in frequency of the output clock
signal responsive to the down signal, the charge pump
generating the error signal with a magnitude that
causes an increase in frequency of the output clock
signal responsive to the up signal.16. The phase-lock
loop of claim 15 wherein the up/down control circuit
comprises: a first flip-flop having a clock input
coupled to receive the output clock signal, the first
flip-flop generating the down signal at an output, the
first flip-flop having a first reset terminal; a
second flip-flop having a clock input coupled to
receive the input clock signal, the second flip-flop
generating the up signal at an output, the second
flip-flop having a second reset terminal; and a logic
circuit having a first input coupled to the output of
the first flip-flop, a second input coupled to the
output of the second flip-flop, and an output coupled
to the first and second reset terminals so that the up
signal is generated only until the down signal is
generated, and the down signal is generated only until
the up signal is generated. 17. A phase-lock loop
generating an output clock signal responsive to an
input clock signal, comprising: a phase detector
having a first input receiving the input clock signal
and a second input receiving the output clock signal,
the phase detector generating a phase error signal at
an output that is indicative of a relationship between
the phase of the input clock signal and the phase of
the output clock signal; a loop filter coupled to the
output of the phase detector, the loop filter
generating a filtered error signal; 



a plurality of delay elements coupled to each other in
a ring in an unstable relationship, each of the delay
elements having a respective delay control terminal
that controls the signal propagation delay through the
delay element, the delay control terminal of each of
the delay elements being coupled to the output of the
phase detector so that the signal propagation delay of
each of the delay elements corresponds to the phase
error signal, each of the delay elements generating a
respective phase of a clock signal; and a clock
serializer coupled to receive each of the phases of
the clock signal from the respective delay elements,
the clock serializer having an output on which the
output clock signal is generated with a level that
transitions responsive to each transition of any of
the phases of the clocksignal from the respective
delay elements, the output of the clock serializer
being coupled to the second input of the phase
detector. 18. The phase-lock loop of claim 17, further
comprising a clock tree coupled to receive the output
clock signal from the clock serializer, the second
input of the phase detector being coupled to the clock
tree so that the second input of the phase detector
receives the output clock signal from the clock
serializer through the clock tree. 19. The phase-lock
loop of claim 17 wherein the phase error signal is
indicative of the difference between the phase of the
input clock signal and the phase of the output clock
signal. 20. The phase-lock loop of claim 17 wherein
the phase error signal is indicative of the difference
between the phase of the input clock signal and the
sum of the phase of the output clock signal and plus
or minus 90 degrees. 21. The phase-lock loop of claim
17 wherein the clock serializer comprises: a first
plurality of transistor coupled in parallel with each
other between a first output node and a first
reference voltage, each of the transistors in the
first plurality being coupled to alternating ones of
the delay elements; and a second plurality of
transistor coupled in parallel with each 



other between a second output node and a second
reference voltage, each of the transistors in the
second plurality being coupled to alternating ones of
the delay elements to which the transistors in the
first plurality are not connected. 22. The phase-lock
loop of claim 2 1 wherein the first and second
reference voltages comprise ground potential. 23. The
phase-lock loop of claim 17, further comprising a
clock tree coupled to the delay elements to receive
the phases of the clock signal generated by the
respective delay elements.24. The phase-lock loop of
claim 17 wherein the phase detector comprises: an
up/down control circuit that is operable to generate a
down signal responsive to the output clock signal
leading the input clock signal and an up clock signal
responsive to output clock signal lagging the input
clock signal; and a charge pump coupled to the up/down
control circuit, the charge pump generating the error
signal with a magnitude that causes a decrease in
frequency of the output clock signal responsive to the
down signal, the charge pump generating the error
signal with a magnitude that causes an increase in
frequency of the output clock signal responsive to the
up signal. 25. The phase-lock loop of claim 24 wherein
the up/down control circuit comprises: a first
flip-flop having a clock input coupled to receive the
output clock signal, the first flip-flop generating
the down signal at an output, the first flip-flop
having a first reset terminal; a second flip-flop
having a clock input coupled to receive the input
clock signal, the second flip-flop generating the up
signal at an output, the second flip-flop having a
second reset terminal; and a logic circuit having a
first input coupled to the output of the first
flip-flop, a second input coupled to the output of the
second flip-flop, and an output coupled to the first
and second reset terminals so that the up signal is
generated only until the down signal is generated, and
the down signal is generated only until the up signal
is generated. 



26. A memory device, comprising: a row address circuit
operable to receive and decode row address signals
applied to external address terminals of the memory
device; a column address circuit operable to receive
and decode column address signals applied to the
external address terminals; a memory cell array
operable to store data written to or read from the
array at a location determined by the decoded row
address signals and the decoded column address
signals;a data path circuit operable to couple data
signals corresponding to the data between the array
and a respective data latch, each of the data latches
being operable to couple the respective data signal
between the data latch and an external data terminal
of the memory device responsive to a data strobe
signal; a command decoder operable to decode a
plurality of command signals applied to respective
external command terminals of the memory device, the
command decoder being operable to generate control
signals corresponding to the decoded command signals;
and a phase-lock loop generating the data strobe
signal responsive to an input clock signal, the
phase-lock loop comprising: a phase detector having a
first input receiving the input clock signal and a
second input receiving the data strobe signal, the
phase detector generating a phase error signal at an
output that is indicative of a relationship between
the phase of the input clock signal and the phase of
the data strobe signal; a voltage controlled
oscillator having an input coupled to the output of
the phase detector, the voltage controlled oscillator
generating a clock signal at an output that has a
frequency corresponding the phase error signal; and a
frequency multiplier having an input coupled to
receive the clock signal from the output of the
voltage controlled oscillator, the frequency
multiplier generating the data strobe signal at an
output having a frequency that is a multiple of the
frequency of the 



clock signal received from the output of the voltage
controlled oscillator, the output of the frequency
multiplier being coupled to the second input of the
phase detector. 27. The memory device of claim 26
wherein the data strobe signal comprises a read data
strobe signal, and wherein the phase error signal is
indicative of the difference between the phase of the
input clock signal and the phase of the read data
strobe signal.28. The memory device of claim 26
wherein the data strobe signal comprises a write data
strobe signal, and wherein the phase error signal is
indicative of the difference between the phase of the
input clock signal and the sum of the phase of the
write data strobe signal and plus or minus 90 degrees.
29. The memory device of claim 26, further comprising
a loop filter coupled between the output of the phase
detector and the input of the voltage controlled
oscillator. 30. The memory device of claim 26, further
comprising a loop amplifier coupled between the output
of the phase detector and the input of the voltage
controlled oscillator. 31. The memory device of claim
26 wherein the data strobe signal generated by the
frequency multiplier has a frequency that is an
integer multiple of the frequency of the clock signal
received from the output of the voltage controlled
oscillator. 32. The memory device of claim 26 wherein
the data strobe signal is coupled to the second input
of the phase detector from a circuit node that is
closer to the data latch than it is to the frequency
multiplier. 33. The memory device of claim 26 wherein
the voltage controlled oscillator comprises a ring
oscillator. 34. The memory device of claim 33 wherein
the ring oscillator comprises a plurality of delay
elements that are coupled to each other in a ring in
an unstable relationship, each of the delay elements
having a respective delay control terminal that
controls the signal propagation delay through the
delay element, the delay control terminal of each of
the delay 



elements being coupled to the output of the phase
detector so that the signal propagation delay of each
of the delay elements corresponds to the phase error
signal, each of the delay elements generating a
respective phase of the clock signal generated by the
voltage controlled oscillator.35. The memory device of
claim 34 wherein the frequency multiplier comprises a
clock serializer coupled to receive each of the phases
of the clock signal from the respective delay
elements, the clock serializer being operable to
transition the data strobe signal on each transition
of any of the phases of the clock signal from the
respective delay elements. 36. The memory device of
claim 35 wherein the clock serializer comprises: a
first plurality of transistor coupled in parallel with
each other between a first output node and a first
reference voltage, each of the transistors in the
first plurality being coupled to alternating ones of
the delay elements; and a second plurality of
transistor coupled in parallel with each other between
a second output node and a second reference voltage,
each of the transistors in the second plurality being
coupled to alternating ones of the delay elements to
which the transistors in the first plurality are not
connected. 37. The memory device of claim 36 wherein
the first and second reference voltages comprise
ground potential. 38. The memory device of claim 34,
further comprising a clock tree coupled to the voltage
controlled oscillator to receive the phases of the
clock signal generated by the respective delay
elements. 39. The memory device of claim 38 wherein
the frequency multiplier comprises a clock serializer
coupled to the clock tree to receive each of the
phases of the clock signal from the respective delay
elements through the clock tree, the clock serializer
being operable to transition the data strobe signal on
each transition of any of the phases of the clock
signal from the respective delay elements. 40. The
memory device of claim 26 wherein the phase detector
comprises: 



an up/down control circuit that is operable to
generate a down signal responsive to the data strobe
signal leading the input clock signal and anup clock
signal responsive to data strobe signal lagging the
input clock signal; and a charge pump coupled to the
up/down control circuit, the charge pump generating
the error signal with a magnitude that causes a
decrease in frequency of the data strobe signal
responsive to the down signal, the charge pump
generating the error signal with a magnitude that
causes an increase in frequency of the data strobe
signal responsive to the up signal. 41. The memory
device of claim 40 wherein the up/down control circuit
comprises: a first flip-flop having a clock input
coupled to receive the data strobe signal, the first
flip-flop generating the down signal at an output, the
first flip-flop having a first reset terminal; a
second flip-flop having a clock input coupled to
receive the input clock signal, the second flip-flop
generating the up signal at an output, the second
flip-flop having a second reset terminal; and a logic
circuit having a first input coupled to the output of
the first flip-flop, a second input coupled to the
output of the second flip-flop, and an output coupled
to the first and second reset terminals so that the up
signal is generated only until the down signal is
generated, and the down signal is generated only until
the up signal is generated. 42. The memory device of
claim 26 wherein the memory device comprises a dynamic
random access memory device. 43. The memory device of
claim 26 wherein the input clock signal comprises a
clock signal that is externally coupled to the memory
device. 44. A computer system, comprising: a processor
having a processor bus; an input device coupled to the
processor through the processor bus to allow data to
be entered into the computer system; an output device
coupled to the processor through the processor 



bus to allow data to be output from the computer
system;a data storage device coupled to the processor
through the processor bus to allow data to be read
from a mass storage device; a memory controller
coupled to the processor through the processor bus;
and a memory device coupled to the memory controller,
the memory device comprising: a row address circuit
operable to receive and decode row address signals
applied to external address terminals of the memory
device from the memory controller; a column address
circuit operable to receive and decode column address
signals applied to the external address terminals from
the memory controller; a memory cell array operable to
store data written to or read from the array at a
location determined by the decoded row address signals
and the decoded column address signals; a data path
circuit operable to couple data signals corresponding
to the data between the array and a respective data
latch, each of the data latches being operable to
couple the respective data signal between the data
latch and an external data terminal of the memory
device responsive to a data strobe signal; a command
decoder operable to decode a plurality of command
signals applied to respective external command
terminals of the memory device from the memory
controller, the command decoder being operable to
generate control signals corresponding to the decoded
command signals; and a phase-lock loop generating the
data strobe signal responsive to an input clock
signal, the phase-lock loop comprising: a phase
detector having a first input receiving the input
clock signal and a second input receiving the data
strobe signal, the phase detector generating a phase
error signal at an output that is indicative of a
relationship between the phase of the 



input clock signal and the phase of the data strobe
signal; a voltage controlled oscillator having an
input coupled to the output of the phase detector, the
voltage controlledoscillator generating a clock signal
at an output that has a frequency corresponding the
phase error signal; and a frequency multiplier having
an input coupled to receive the clock signal from the
output of the voltage controlled oscillator, the
frequency multiplier generating the data strobe signal
at an output having a frequency that is a multiple of
the frequency of the clock signal received from the
output of the voltage controlled oscillator, the
output of the frequency multiplier being coupled to
the second input of the phase detector. 45. The
computer system of claim 44 wherein the data strobe
signal comprises a read data strobe signal, and
wherein the phase error signal is indicative of the
difference between the phase of the input clock signal
and the phase of the read data strobe signal. 46. The
computer system of claim 44 wherein the data strobe
signal comprises a write data strobe signal, and
wherein the phase error signal is indicative of the
difference between the phase of the input clock signal
and the sum of the phase of the write data strobe
signal and plus or minus 90 degrees. 47. The computer
system of claim 44, further comprising a loop filter
coupled between the output of the phase detector and
the input of the voltage controlled oscillator. 48.
The computer system of claim 44, further comprising a
loop amplifier coupled between the output of the phase
detector and the input of the voltage controlled
oscillator. 49. The computer system of claim 44
wherein the data strobe signal generated by the
frequency multiplier has a frequency that is an
integer multiple of the frequency of the clock signal
received from the output of the voltage controlled
oscillator.50. The computer system of claim 44 wherein
the data 



strobe signal is coupled to the second input of the
phase detector from a circuit node that is closer to
the data latch than it is to the frequency multiplier.
51. The computer system of claim 44 wherein the
voltage controlled oscillator comprises a ring
oscillator having a plurality of delay elements that
are coupled to each other in a ring in an unstable
relationship, each of the delay elements having a
respective delay control terminal that controls the
signal propagation delay through the delay element,
the delay control terminal of each of the delay
elements being coupled to the output of the phase
detector so that the signal propagation delay of each
of the delay elements corresponds to the phase error
signal, each of the delay elements generating a
respective phase of the clock signal generated by the
voltage controlled oscillator. 52. The computer system
of claim 5 1 wherein the frequency multiplier
comprises a clock serializer coupled to receive each
of the phases of the clock signal from the respective
delay elements, the clock serializer being operable to
transition the data strobe signal on each transition
of any of the phases of the clock signal from the
respective delay elements. 53. The computer system of
claim 44 wherein the phase detector comprises: an
up/down control circuit that is operable to generate a
down signal responsive to the data strobe signal
leading the input clock signal and an up clock signal
responsive to data strobe signal lagging the input
clock signal; and a charge pump coupled to the up/down
control circuit, the charge pump generating the error
signal with a magnitude that causes a decrease in
frequency of the data strobe signal responsive to the
down signal, the charge pump generating the error
signal with a magnitude that causes an increase in
frequency of the data strobe signal responsive to the
up signal. 54. The computer system of claim 44 wherein
the memory cell array comprises a dynamic random
access memory cell array.55. The computer system of
claim 44 wherein the input clock signal comprises a
clock signal that is generated by the memory 



controller and coupled to an externally accessible
terminal of the memory device. 56. A method of
generating an output clock signal from an input clock
signal, the method comprising: comparing the phase of
the input clock signal to the phase of the output
clock signal; generating an intermediate clock signal
having a frequency that is based on the comparison
between the phase of the input clock signal and the
phase of the output clock signal; and generating the
output clock signal by multiplying the frequency of
the intermediate clock signal. 57. The method of claim
56 wherein the act of comparing the phase of the input
clock signal to the phase of the output clock signal
comprises subtracting the phase of the input clock
signal from the phase of the output clock signal. 58.
The method of claim 56 wherein the act of comparing
the phase of the input clock signal to the phase of
the output clock signal comprises subtracting the
phase of the input clock signal from the sum of the
phase of the output clock signal plus or minus 90
degrees. 59. The method of claim 56 wherein the act of
generating the output clock signal by multiplying the
frequency of the intermediate clock signal comprises
multiplying the frequency of the intermediate clock
signal by an integer value. 60. The method of claim 56
wherein the act of generating an intermediate clock
signal having a frequency that is based on the
comparison between the phase of the input clock signal
and the phase of the output clock signal comprises
generating a plurality of intermediate clock signals
having respective phases of the intermediate clock
signal.61. The method of claim 56 wherein the act of
generating the output clock signal by multiplying the
frequency of the intermediate clock signal comprises
transitioning the output clock signal between two
levels responsive to each transition of any of the
intermediate clock signals. 



62. A method of strobing data into or out of a memory
device responsive to a data strobe signal, the method
comprising: comparing the phase of the data strobe
signal to the phase of a system clock signal;
generating an intermediate clock signal having a
frequency that is based on the comparison between the
phase of the input clock signal and the phase of the
output clock signal; and generating the data strobe
signal by multiplying the frequency of the
intermediate clock signal. 63. The method of claim 62
wherein the data strobe signal comprises a read data
strobe signal, and wherein the act of comparing the
phase of the system clock signal to the phase of the
data strobe signal comprises subtracting the phase of
the system clock signal from the phase of the data
strobe signal. 64. The method of claim 62 wherein the
data strobe signal comprises a write data strobe
signal, and wherein the act of comparing the phase of
the system clock signal to the phase of the data
strobe signal comprises subtracting the phase of the
system clock signal from the sum of the phase of the
data strobe signal plus or minus 90 degrees. 65. The
method of claim 62 wherein the act of generating the
data strobe signal by multiplying the frequency of the
intermediate clock signal comprises generating the
data strobe signal by multiplying the frequency of the
intermediate clock signal by an integer value. 


