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locked oscillator are described. Some embodiments include a pulse-generator-
and-injector and one or more injection- locked oscillators. The outputs of the
pulse-generator-and-injector can be injected into corresponding injection
points of an injection- locked oscillator. In embodiments that include multiple
injection- locked oscillators, the outputs of each injection-locked oscillator
can be injected into the corresponding injection points of the next injection-
locked oscillator. Some embodiments reduce deterministic jitter by dynamic-
ally moditfying the loop length of an injection- locked oscillator, and/or by us-
ing a duty cycle corrector, and/or by multiplexing/blending the outputs from
multiple delay elements of an injection-locked oscillator.
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INTEGRATED CIRCUIT HAVING A MULTIPLYING
INJECTION-LOCKED OSCILLATOR

Inventors: Jared L. Zerbe, Barry W. Daly
Dustin T. Dunwell, Anthony C. Carusone, and John C. Eble III

Field
[0001] This disclosure generally relates to electronic circuits. This disclosure generally
relates to integrated circuit devices that include one or more multiplying injection-locked

oscillators.

BACKGROUND
[0002] Sometimes circuits are expected to be operated over a range of operating
conditions. For example, circuits that are used in mobile devices may be expected to be operated
over a range of supply voltages and temperatures, and during the manufacturing of those circuits
a range of process variations may result. Changing the operating conditions can change the
electrical characteristics of circuit elements, which, in turn, can change the behavior of the
circuit. It is desirable to design circuits that can continue to operate with maximum margins

across the manufactured variation space even when the operating conditions change.

BRIEF DESCRIPTION OF THE FIGURES

[0003] FIG. 1A illustrates a plot of the peak-to-peak jitter versus the injection signal
frequency for a multiplying injection-locked oscillator (MILO) under different operating
conditions in accordance with some embodiments described in this disclosure.

[0004] FIG. 1B illustrates a plot of the peak-to-peak jitter versus the injection signal
frequency for a MILO under different operating conditions in accordance with some
embodiments described in this disclosure.

[0005] FIG. 2 illustrates a MILO in accordance with some embodiments described in this
disclosure.

[0006] FIG. 3A illustrates a MILO in accordance with some embodiments described in

this disclosure.
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[0007] FIG. 3B illustrates an injection-locked oscillator in accordance with some
embodiments described in this disclosure.

[0008] FIG. 3C illustrates a delay element of an injection-locked oscillator in accordance
with some embodiments described in this disclosure.

[0009] FIG. 3D illustrates waveforms associated with the MILO shown in FIG. 3A in
accordance with some embodiments described in this disclosure.

[0010] FIG. 4 illustrates a signal waveform with deterministic jitter in accordance with
some embodiments described in this disclosure.

[0011] FIG. 5A illustrates how deterministic jitter can be reduced by using a duty cycle
corrector in accordance with some embodiments described in this disclosure.

[0012] FIG. 5B illustrates a plot of the output pulse widths versus the control value for a
duty cycle corrector in accordance with some embodiments described in this disclosure.

[0013] FIG. 5C presents a flowchart that illustrates a process for determining a control
value for a duty cycle corrector in accordance with some embodiments described in this
disclosure.

[0014] FIG. 6A illustrates how deterministic jitter can be reduced by using a
multiplexer/blender in accordance with some embodiments described in this disclosure. In this
disclosure, the term “multiplexer/blender” generally refers to a circuit that is capable of selecting
a signal from a set of signals and/or blending two or more signals from a set of signals.

[0015] FIG. 6B illustrates how deterministic jitter can be reduced by using a
multiplexer/blender in accordance with some embodiments described in this disclosure.

[0016] FIG. 6C illustrates a return-to-null pulse generator in accordance with some
embodiments described in this disclosure.

[0017] FIG. 6D illustrates waveforms associated with a return-to-null pulse generator in
accordance with some embodiments described in this disclosure.

[0018] FIG. 6E illustrates waveforms associated with the MILO shown in FIG. 6B in
accordance with some embodiments described in this disclosure.

[0019] FIG. 7 illustrates an injection-locked oscillator with a configurable loop length in
accordance with some embodiments described in this disclosure.

[0020] FIG. 8A illustrates an unwrapped adjustable loop-length oscillator in accordance
with some embodiments described in this disclosure.

[0021] FIG. 8B illustrates waveforms associated with an unwrapped adjustable loop-

length oscillator in accordance with some embodiments described in this disclosure.
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[0022] FIG. 9 illustrates a memory controller that includes a MILO in accordance with

some embodiments described in this disclosure.

DETAILED DESCRIPTION

[0023] Some embodiments presented in this disclosure feature a MILO which is capable
of locking onto an input signal over a range of operating conditions. In some embodiments
described herein, the MILO generates an output signal based on an input signal, wherein the
output signal frequency is an integer multiple of the input signal frequency. In these
embodiments it can be desirable for the range of input frequencies that the MILO can generate be
as wide as possible while maintaining low jitter.

[0024] FIG. 1A illustrates a plot of the peak-to-peak jitter versus the injection (or
reference clock) signal frequency for a MILO under various different operating conditions in
accordance with some embodiments described in this disclosure.

[0025] In some embodiments described herein, it may be desirable to operate the MILO
so that the peak-to-peak jitter of the output signal is less than a desired value. According to one
definition, when the MILO locks onto the injection signal (and therefore locks onto the input
signal), the frequency of the output signal is substantially equal to an integral multiple of the
frequency of the input signal, and the peak-to-peak jitter of the output signal is less than a desired
value. According to one definition, the locking range of a MILO is defined as the range of input
signal frequencies for which the MILO output is an integer multiple of the input signal.
According to another definition, the locking range of a MILO is defined as the range of input
signal frequencies which result in an output peak-to-peak jitter that is below the desired value.

[0026] As shown in FIG. 1A, the peak-to-peak jitter of the output signal can increase as
the frequency of the injection signal moves further away from the natural frequency of the
MILO. If the frequency of the injection signal is too far away from the natural frequency of the
MILO, the MILO can lose its lock on the injection signal and start oscillating at a different
frequency, often the natural frequency of the MILO. Since the natural frequency of the MILO
can change with changing operating conditions, the locking behavior, and thus the plot of the
peak-to-peak jitter versus injection signal frequency can be different for different operating
conditions.

[0027] FIG. 1A illustrates curves 102, 104, and 106, which can correspond to the peak-
to-peak jitter versus the injection signal frequency characteristic for different operating

conditions, ¢.g., different combinations of supply voltages and temperatures. For example, curve



10

15

20

25

30

WO 2012/151050 PCT/US2012/034074
4

102 can correspond to a low supply voltage and high temperature, curve 104 can correspond to a
nominal supply voltage and temperature, and curve 106 can correspond to a high supply voltage
and low temperature.

[0028] Note that, in FIG. 1A, there is no frequency range where all three curves overlap.
In other words, there is no range of injection signal frequencies that will produce an acceptable
peak-to-peak jitter across the three operating conditions shown in FIG. 1A.

[0029] In some embodiments, the natural frequency of the MILO may be modified by
adjusting trim settings of the MILO. Specifically, when a device that includes a MILO is turned
on, the device can adjust trim settings of the MILO so that the natural frequency of the MILO is
such that the output signal frequency that is desired to be outputted is within the locking range of
the MILO. For example, if the MILO includes an injection-locked oscillator, the trim settings of
the MILO can control the delay of each delay element in the injection-locked oscillator, thereby
allowing the natural frequency of the injection-locked oscillator to be adjusted. Specifically, in
some embodiments, a phase detector can be used to detect a phase difference between the output
of the MILO and the input signal, and the output of the phase detector can be used to adjust the
trim settings. In other embodiments a divider can be coupled to the MILO output and
programmed to divide back down by the MILO multiplication ratio, followed by a comparison of
the divided MILO output and its input.

[0030] In some embodiments described herein, the peak-to-peak jitter versus the injection
signal frequency curves overlap for different operating conditions, thereby creating a frequency
range over which the MILO locks onto the input signal across a given set of operating conditions.

[0031] For example, FIG. 1B illustrates a plot of the peak-to-peak jitter versus the
injection signal frequency for such a MILO under different operating conditions in accordance
with some embodiments described in this disclosure.

[0032] In FIG. 1B, curves 102, 104, and 106 plot the peak-to-peak jitter versus the
injection signal frequency for a MILO under different operating conditions, e.g., different
combinations of supply voltages and temperatures. Note that the three curves overlap in
frequency range 108. If the injection signal frequency is within frequency range 108, the MILO
will lock onto the injection signal (and therefore the input signal) under all three operating
conditions illustrated in FIG. 1B. As shown in FIG. 1B, if the injection signal frequency is
within frequency range 108, the output peak-to-peak jitter is less than or equal to the maximum
acceptable peak-to-peak jitter 110. Therefore, if operated within these conditions, the MILO
does not need to be calibrated each time it is turned on, because, regardless of the operating

conditions, the MILO will lock onto the input signal.
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[0033] Some embodiments described in this disclosure feature a MILO whose locking
ranges for a given trim setting across all operating conditions of interest overlap for a range of
frequencies, e.g., a MILO whose locking ranges are shown in FIG. 1B. Note that, such a MILO
does not need any additional circuitry to adjust the natural frequency when the device is turned
on and the MILO can lock onto the input signal without incurring any additional delay to tune the
natural frequency of the MILO.

[0034] In some embodiments, the trim settings in the MILO can be adjusted once (e.g.,
when the device is turned on for the first time) to account for process variations during
manufacturing and for desired output frequency. Specifically, the trim settings can be adjusted
so that the input signal frequency is within the range of valid operational frequencies (e.g.,
frequency range 108) where the locking ranges of the different operating conditions overlap.

[0035] FIG. 2 illustrates a MILO in accordance with some embodiments described in this
disclosure.

[0036] Some embodiments described herein feature a MILO which includes a pulse-
generator-and-injector and one or more injection-locked oscillators. For example, in some
embodiments, the MILO shown in FIG. 2 can include pulse-generator-and-injector 202 and one
injection-locked oscillator, ¢.g., injection-locked oscillator 204. In some embodiments, the
MILO can include two or more injection-locked oscillators, such as injection-locked oscillators
206 through 208 (injection-locked oscillators 206 through 208 are shown using dashed lines to
indicate that they are optional). Pulse-generator-and-injector 202 can generate set of signals 212
based on reference signal 210. Each signal in set of signals 212 can be a sequence of pulses, and
cach signal in set of signals 212 can have a different phase with respect to other signals in set of
signals 212. For example, the signals in set of signals 212 can be delayed versions of a sequence
of pulses.

[0037] In some embodiments, each injection-locked oscillator can have multiple injection
points for receiving multiple injection signals and multiple outputs for outputting multiple output
signals. The output signals from an injection-locked oscillator can be oscillating signals or clock
signals (as opposed to being sequences of pulses) with different phases. In embodiments that
have one injection-locked oscillator, the output signals from the injection-locked oscillator, e.g.,
set of signals 214, can be used to generate the output signal of the MILO.

[0038] In embodiments that have two or more injection-locked oscillators, the output
signals from each injection-locked oscillator can be injected into the corresponding multiple
injection points of the next injection-locked oscillator. For example, each signal in set of signals

212 can be injected into the corresponding injection point of injection-locked oscillator 204.
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Each output signal from injection-locked oscillator 204 (i.e., each signal in set of signals 214) can
be injected into the corresponding injection point of injection-locked oscillator 206, and each
output signal from injection-locked oscillator 206 (i.c., cach signal in set of signals 216) can be
injected into the corresponding injection point of the next injection-locked oscillator, and so
forth.

[0039] The output signals from the last injection-locked oscillator can be used to generate
the output signal of the MILO. For example, one of the output signals from injection-locked
oscillator 208 (i.e., set of signals 218) can be used as the output signal of the MILO.

[0040] In some embodiments a pulse converter is inserted between the output of one
oscillator and the input port of the next oscillator. The pulse converter serves to convert a normal
clock waveform into a series of pulses, each pulse corresponding to each edge (or each rising or
falling edge) of the normal clock waveform.

[0041] FIG. 3A illustrates a MILO in accordance with some embodiments described in
this disclosure. The MILO illustrated in FIG. 3A includes pulse-generator-and-injector 302, and
injection-locked oscillators 304 and 306.

[0042] Pulse-generator-and-injector 302 can include pulse generators 320 and 322, and
delay elements P1-P4. Pulse generator 320 can receive reference signal 310 and generate a first
sequence of pulses which can be provided as input to pulse generator 322. The number of edges
in the first sequence of pulses can be twice the number of edges in reference signal 310 over the
same time period. Pulse generator 322 can then generate a second sequence of pulses that has
twice the number of edges than the number of edges in the first sequence of pulses over the same
time period. In this manner, the output signal of pulse generator 322 can have four times the
number of edges in reference signal 310 over a given time period.

[0043] The output of pulse generator 322 can then be provided as input to the delay chain
comprising delay elements P1-P4. As shown in FIG. 3A, the output signals from delay elements
P1-P4 can be injected into corresponding delay elements R11-R14 of injection-locked oscillator
304. In some embodiments the design of delay elements P1-P4 matches that of delay elements
R11-R14 in order for the injection pulses to arrive at the same relative phase at delay elements
R11-R14.

[0044] In some embodiments described in this disclosure, the sequence of pulses
generated by pulse generator 322 may not have equal widths and/or may not have the same
amplitude. These variations in the width and/or amplitude of the pulses can show up as
deterministic jitter in the output signals from injection-locked oscillator 304. In some

embodiments, the amount of deterministic jitter in the output signals can be reduced by adding
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more injection-locked oscillator blocks to the MILO. Specifically, in some embodiments, the
output signals from injection-locked oscillator 304 can be injected into corresponding injection
points in another injection-locked oscillator, ¢.g., injection-locked oscillator 306. Specifically, as
shown in FIG. 3A, the outputs from delay elements R11-R 14 of injection-locked oscillator 304
can be injected into corresponding delay elements R21-R24 of injection-locked oscillator 306.

[0045] In some embodiments described herein, the output signals from delay elements
R21-R24 can be used to generate the output of the MILO. Specifically, in some embodiments,
the output signal from one of the delay elements in the last injection-locked oscillator can be
output as the MILO’s output signal. For example, as shown in FIG. 3A, the output from delay
element R22 can be output as the MILO’s output signal 324. In some embodiments other outputs
in the delay chain can be used, and in some embodiments all outputs can be used to provide
separately spaced vectors for interpolation, edge detection, or other purposes.

[0046] In some embodiments described herein, the delay elements in the injection-locked
oscillators can use differential signals. However, differential signals have not been shown in
FIG. 3A for the sake of clarity and ease of discourse.

[0047] FIG. 3B illustrates a 4-stage injection-locked oscillator in accordance with some
embodiments described in this disclosure.

[0048] Injection-locked oscillator 304 can include delay elements R11-R14 arranged in a
loop. As shown in FIG. 3B, cach delay element can receive and output differential signals. In
some embodiments, one or more stages of the injection-locked oscillator may invert the signal.
For example, as shown in FIG. 3B, the differential outputs of delay element R14 are provided to
the opposite polarity inputs of delay element R11 (e.g., the “+” and ““-” outputs of delay element
R14 can be coupled with the “-” and “+” inputs of delay element R11, respectively).

[0049] FIG. 3C illustrates a delay element of an injection-locked oscillator in accordance
with some embodiments described in this disclosure. The delay element illustrated in FIG. 3C
can correspond to a delay element shown in FIG. 3B, ¢.g., delay element R11.

[0050] The delay element shown in FIG. 3C can include differential transistor pair M1

and M2 which can receive the differential input signal S,y and S, as input, and differential

transistor pair M3 and M4 which can receive the differential injection signal INJ and INJ as
input. Transistors M5 and M6 can act as current sources for the differential pairs, and their

currents can be controlled by bias signals §

pias AAINT o, respectively. RL1 and RL2 can be

load resistances, and V,;, can be the supply voltage. The differential output signal § and

our

§0UT can be based on the sum of the drain currents of the corresponding transistors in the
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differential pairs. Specifically, output signal S is based on the sum of the drain currents of

our

transistors M2 and M4, and output signal S, oyt 18 based on the sum of the drain currents of

transistors M1 and M3.

[0051] The injection strength can be modified by adjusting the strength of S, , ¢

and INJ

pus Felative to one another. For example, injection strength can be increased by

increasing IN.J and/or decreasing S Conversely, injection strength can be decreased by

BIAS BIAS -

decreasing INJ ,,, and/or increasing S, . In some embodiments, the total current into the load

is maintained at a constant level, i.c., a constant swing is developed across S and §0UT . In

our
some embodiments, the injection strength used for injecting the sequence of pulses into injection-
locked oscillator 304 is greater than the injection strength used to inject the output of injection-
locked oscillator 304 into injection-locked oscillator 306.

[0052] FIG. 3D illustrates waveforms associated with the MILO shown in FIG. 3A in
accordance with some embodiments described in this disclosure. The differential signal
waveforms shown in FIG. 3D are for illustration purposes only, and are not intended to limit the
scope of the described embodiments.

[0053] Reference waveform 352 can correspond to reference signal 310. First pulse
generator output waveform 354 can correspond to the output signal of pulse generator 320. Note
that the positive and negative pulses have different widths (shown as T1 and T2 in FIG. 3D).
Second pulse generator output waveform 356 can correspond to the output signal of pulse
generator 322. In some embodiments, the pulses in the output signal of pulse generator 322 have
different widths. Specifically, in some embodiments, the variation of the pulse width and/or
amplitude can be systematic (e.g., the variation may repeat with a given periodicity). For
example, the second pulse generator output waveform 356 has the following deterministic pulse
width pattern: a narrow positive pulse, a narrow negative pulse, a narrow positive pulse, and a
wide negative pulse. As explained below, this systematic variation in the width and/or amplitude
of the pulses can result in deterministic jitter in the output signal of the injection-locked
oscillator. In some embodiments the variations in pulse widths can be reduced by adjustment of
delay parameters inside pulse generators 320 and 322. In order to not add latency to the clock
turn-on however, such adjustments are typically made once on system power up and/or during
periodic calibration cycles and are not adjusted during transitions from idle to active states. Drift

in temperature and/or power supply levels can cause variations in the adjustment points of the
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internal pulse generator delays that result in the output waveforms still containing non-matching
spaces between pulses as shown in 356.

[0054] First injection-locked oscillator output waveform 358 can correspond to the output
signals of injection-locked oscillator 304. Since the injection signal that was injected into
injection-locked oscillator 304 was a sequence of pulses with varying pulse widths, the output
signals of injection-locked oscillator 304 may have deterministic jitter. The deterministic jitter
pattern is shown in FIG. 3D by the different pulse widths T3-T6. Note that the deterministic
jitter pattern shown in FIG. 3D repeats after every four pulses. In some embodiments, the
deterministic jitter in an output signal of a MILO has a periodicity (measured in Ul) that is equal
to the multiplicative factor of the MILO. Since a MILO can lock to any integer sub-harmonic
within its locking range, the multiplication ratio can be another integer value such as 1, 2, 3, 5, 6,
7, etc.

[0055] Second injection-locked oscillator output waveform 360 can correspond to the
output signals of injection-locked oscillator 306. Note that the amount of deterministic jitter in
second injection-locked oscillator output waveform 360 may be less than the amount of
deterministic jitter in the first injection-locked oscillator output waveform 358.

[0056] FIG. 4 illustrates a signal waveform with deterministic jitter in accordance with
some embodiments described in this disclosure. For example, the signal waveform shown in
FIG. 4 may correspond to the output signal of injection-locked oscillator 304 shown in FIG. 3A.

[0057] The deterministic jitter shown in FIG. 4 repeats after every four pulses. Edges E1,
E2, E3, and E4 can correspond to the beginning of the first, second, third, and fourth pulses in the

repeating pattern. The deterministic jitter period is equal to the worst-case difference in the time

between two En edges (where “En” is one of E1-E4) and a delay of 1/ (2 fo ), where f; is the

target oscillation frequency.

[0058] In some embodiments, deterministic jitter (such as the one shown in FIG. 4) can
be further reduced by using one or more of the following techniques: adjusting the pulse widths
by dynamically modifying the loop length of an injection-locked oscillator, using a duty cycle
correction circuit, and/or blending or multiplexing the outputs from multiple delay elements of an
injection-locked oscillator. Some embodiments for reducing the deterministic jitter are described
below.

[0059] FIG. 5A illustrates how deterministic jitter can be reduced by using a duty cycle
corrector in accordance with some embodiments described in this disclosure.

[0060] In some embodiments described herein, MILO 500 can generate output signal 524

based on reference signal 510. Output signal 524 may have deterministic jitter, such as the
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deterministic jitter shown in FIG. 4. The narrower the pulse width, the greater the bandwidth
required in the clock path to pass the pulse with an acceptable level of fidelity. Therefore, the
narrowest pulse width in the deterministic jitter (e.g., the pulse between edges E4 and E1 in FIG.
4) can dictate the amount of bandwidth that is required to pass the pulse with an acceptable level
of fidelity. Generally higher bandwidths are achieved only through increasing power, and so a
narrow pulse width can waste power. Further, use of a narrow pulse-width can reduce timing
margin when the clock is used to time I/O transmitters or receivers.

[0061] In some embodiments, a duty cycle corrector can be used to increase the width of
the narrowest pulse in the output signal of a MILO. Specifically, as shown in FIG. 5A, duty
cycle corrector 532 can generate output signal 530 based on output signal 524 from MILO 500.
Duty cycle corrector 532 can adjust the duty cycle of the output signal based on control value
534.

[0062] FIG. 5B illustrates a plot of the output pulse widths versus the control value for a
duty cycle corrector in accordance with some embodiments described in this disclosure.

[0063] Curves P1-P4 shown in FIG. 5B can correspond to the variation in the width of
four consecutive pulses in output signal 530 with respect to control value 534 that is provided to
duty cycle corrector 532. The width of the first and third pulse (curves P1 and P3, respectively)
increases when the control value is increased. The width of the second and fourth pulses (curves
P2 and P4, respectively) decreases when the control value is increased.

[0064] In some embodiments, control value 534 of DCC 532 can be set so that the width
of the narrowest pulse is substantially equal to the width of the second narrowest pulse. In these
embodiments the DCC settings are not adjusted to compensate for the overall output DCC, which
is necessarily a function of the other two pulse widths in this example. Rather, the adjustment is
made to improve the minimum pulse width. This pulse width is thus increased at the expense of
the adjacent two pulse widths. In some embodiments, control value 534 that is received at a
control input of DCC 532 can be set so as to maximize the width of the narrowest pulse in output
signal 530 relative to the ideal pulse-width.

[0065] FIG. 5C presents a flowchart that illustrates a process for determining a control
value for a duty cycle corrector in accordance with some embodiments described in this
disclosure. In some embodiments described herein, the process may begin with measuring the
pulse widths of the output signal of a DCC (operation 552). Next, the system can determine
whether the width of the narrowest pulse is substantially equal to the width of the second
narrowest pulse (operation 554). If so (“YES” branch), the system can store the corresponding

DCC control value (operation 558). Otherwise (“NO” branch), the system can adjust the DCC
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control value (operation 556), and again measure the pulse widths of the output signal of the
DCC (operation 552). For a given set of pulse-width values, the narrowest pulse width may
correspond to the minimum pulse-width value, and the second narrowest pulse may correspond
to the second minimum pulse-width value. In some embodiments, the process shown in FIG. 5C
can be performed on system startup, and may not need to be performed after that because the
MILO pulse widths for a given frequency and operating point are not expected to change
substantially.

[0066] In some embodiments the measurement of the narrowest pulse width can be
accomplished by running link timing margin bit-error-rate tests and maximizing the size
(equivalent to timing margin) of the passing region.

[0067] FIG. 6A illustrates how deterministic jitter can be reduced by using a
multiplexer/blender in accordance with some embodiments described in this disclosure.

[0068] In some embodiments described herein, a MILO can include pulse-generator-and-
injector 602, one or more injection-locked oscillators 636, and multiplexer/blender 638. Pulse-
generator-and-injector 602 can generate set of signals 612 based on reference signal 610. Each
signal in set of signals 612 can be a sequence of pulses. Set of signals 612 can be injected into
one or more injection-locked oscillators 636 configured as shown in FIG. 2. Each signal in set of
signals 614 can be a clock signal. The last injection-locked oscillator in the one or more
injection-locked oscillator 638 can generate the set of output signals 614. Two or more outputs
from the last injection-locked oscillator in the one or more injection-locked oscillators 636 can be
provided as input to multiplexer/blender 638. The output signal from the multiplexer/blender
638 can then be outputted as the output signal 630 of the MILO.

[0069] In some embodiments, the signals in the set of signals 614 may include
deterministic jitter, and a relationship may exist between the deterministic jitter and the timing of
the pulses generated by pulse-generator-and-injector 602. In some embodiments, this timing
relationship can be used to generate control signal 640 for multiplexer/blender 638. For example,
as shown in FIG. 6A, pulse-generator-and-injector 602 may generate control signal 640. In some
embodiments, control signal 640 is used by multiplexer/blender 638 to blend or partially swap a
“good” edge for a “bad” edge, thereby reducing the amount of deterministic jitter in the output
signal 630.

[0070] FIG. 6B illustrates how deterministic jitter can be reduced by using a
multiplexer/blender in accordance with some embodiments described in this disclosure.

[0071] In some embodiments described herein, pulse-generator-and-injector 602 can

include pulse generator 620, return-to-null pulse generator 622, and delay elements P1-P4. Pulse
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generator 620 can receive reference signal 610 and generate a sequence of pulses which can be
provided as input to return-to-null pulse generator 622. The frequency of the sequence of pulses
can be an integer multiple of the frequency of reference signal 610.

[0072] FIG. 6C illustrates a return-to-null pulse generator, ¢.g., return-to-null pulse
generator 622, in accordance with some embodiments described in this disclosure. A return-to-
null pulse generator can be used in some embodiments between different ring-oscillators in order
to convert individual edges into injection pulses with the result that the second oscillator will
have better output jitter and/or a greater locking range.

[0073] The return-to-null pulse generator shown in FIG. 6C can include differential
transistor pair M7 and M8 which can receive the differential input signal /N and IN . The
sources of transistors M7 and M8 can be coupled with current source CS1, and the drains of
transistors M7 and M8 can provide the differential output signal OUT and OUT . RL3 and RL4
can be load resistances, and ¥, can be the supply voltage. The drain of transistor M9 can be
coupled to the drain of transistor M8, and the source of transistor M9 can be coupled to current
source CS2. The gate of transistor M9 can be coupled to ¥, ,, or a suitably high voltage so that
transistor M9 remains on.

[0074] When signal /N is high and signal IN is low, transistor M7 is on, and transistor

M8 is off, and when signal /N is low and signal IN is high, transistor M7 is on, and transistor

MBS is off. In some embodiments, RL3, RL4, CS1, and CS2 can be selected so that (1) when
signal /N is high and signal IN is low, signals QUT and OQUT have the same voltage
(hereinafter referred to as the “null” voltage), and (2) when signal /N is low and signal IN is

high, signals OUT and our diverge in opposite directions from the “null” voltage by the same
amount.

[0075] For example, if we neglect the drain current of transistor M8 when transistor M8
is off, then these two criteria can be satisfied by embodiments in which RL3 and RL4 have the

same resistance value, and current sources CS1 and CS2 draw the same amount of current. In
these embodiments, when signal /N is high and signal IN is low, signals OUT and OUT have
the same voltage because current sources CS1 and CS2 draw the same amount of current through
resistances RL3 and RL4, thereby causing the voltage drop across RL3 and RL4 to be the same.
On the other hand, when signal /N is low and signal IN is high, signals QUT and ouT diverge

in opposite directions from the “null” voltage by the same amount because substantially zero

current flows through RL3 and both CS1 and CS2 draw current through RL4, thereby causing the
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voltage drop across RL3 to be substantially zero and the voltage drop across RL4 to be equal to
double the voltage drop required to generate the “null” voltage.

[0076] FIG. 6D illustrates waveforms associated with a return-to-null pulse generator
(e.g., return-to-null pulse generator 622) in accordance with some embodiments described in this
disclosure. The differential signal waveforms shown in FIG. 6D are for illustration purposes
only, and are not intended to limit the scope of the described embodiments.

[0077] Reference waveform 652 can correspond to reference signal 610, pulse waveform
680 can correspond to the output signal of pulse generator 620, and return-to-null waveform 682
can correspond to the output signal of return-to-null pulse generator 622.

[0078] In some embodiments described herein, the output of return-to-null pulse
generator 622 can be provided as input to the delay chain comprising delay elements P1-P4. As
shown in FIG. 6B, the output signals from delay elements P1-P4 can be injected into
corresponding delay elements R11-R 14 of injection-locked oscillator 604. In some
embodiments, the frequency of injection-locked oscillator 604 can be an integer multiple (e.g.,
two, four, or eight times) of the frequency of reference signal 610. The output signals of delay
elements R11-R14 may have deterministic jitter because the frequency of the sequence of pulses
generated by return-to-null pulse generator 622 is an integer sub-multiple of the frequency of
injection-locked oscillator 604.

[0079] In some embodiments, the amount of deterministic jitter can be reduced by
multiplexing and/or blending the output signals of two or more delay elements of injection-
locked oscillator 604. Specifically, in some embodiments, the output signals from two delay
elements in injection-locked oscillator 604 (e.g., delay elements R11 and R14) can be provided
as inputs to multiplexer/blender 638, and the output of a delay element in pulse-generator-and-
injector 602 (e.g., delay element P4) can be provided as the control signal 640 to
multiplexer/blender 638.

[0080] The configuration shown in FIG. 6B is based on a timing relationship between the
sequence of pulses outputted by return-to-null pulse generator 622 and the output signals of delay
elements R11-R14. It will be apparent to one skilled in the art that a different configuration may
be used if the timing relationship between the sequence of pulses outputted by return-to-null
pulse generator 622 and the output signals of delay elements R11-R14 is different.

[0081] FIG. 6E illustrates waveforms associated with the MILO shown in FIG. 6B in
accordance with some embodiments described in this disclosure. The differential signal
waveforms shown in FIG. 6E are for illustration purposes only, and are not intended to limit the

scope of the described embodiments.
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[0082] Reference waveform 652 can correspond to reference signal 610. Output
waveform 662 can correspond to the output signal of delay element R14 of injection-locked
oscillator 604. Output waveform 664 can correspond to the output signal of delay element R11
of injection-locked oscillator 604. Note that output waveform 664 is an inverted and delayed
version of output waveform 662. Output waveform 666 can correspond to the output signal of
delay element P4 of pulse-generator-and-injector 602. Note that output waveform 666 illustrates
return-to-null pulses.

[0083] The output signal of delay element R14 may have deterministic jitter, as shown in
output waveform 662. Specifically, the deterministic jitter may include a repeating pattern of
four pulses whose widths are T7, T8, T9, and T10. Pulse width T7 corresponds to the widest
pulse and pulse width T10 corresponds to the narrowest pulse. Note that the output of delay
element R11 (output waveform 664) may have the same deterministic jitter as the output of delay
element R14 (output waveform 662).

[0084] As shown in FIG. 6E, each pulse in the output signal of delay element P4 may
coincide with the rising edge of the widest pulse in the output signal of delay element R14 and
the falling edge of the narrowest pulse in the output signal of delay element R11. In some
embodiments described herein, the timing relationship between these three signals can be used to
reduce the deterministic jitter. Specifically, in some embodiments, multiplexer/blender 638 can
be configured to output the signal from delay element R14 when control signal 640 corresponds
to the null value, and to output the signal from delay element R11 when control signal 640 does
not correspond to the null value. In this configuration, multiplexer/blender 638 blends or
switches between the rising/falling edge of the widest pulse and the falling/rising edge of the
narrowest pulse, thereby increasing the width of the narrowest pulse and decreasing the width of
the widest pulse. As a result, the output signal 630 of the multiplexer/blender 638 has
substantially less deterministic jitter, as shown by MILO output waveform 668.

[0085] FIG. 7 illustrates an injection-locked oscillator with a configurable loop length in
accordance with some embodiments described in this disclosure.

[0086] In some embodiments, one or more instances of injection-locked oscillator 700
can be used in a MILO. In some embodiments, injection-locked oscillator 700 can be the last
injection-locked oscillator in a MILO that includes multiple injection-locked oscillators. For
example, injection-locked oscillator 700 can correspond to injection-locked oscillator 208 in FIG.
2.

[0087] Injection-locked oscillator 700 can include multiplexer 710, first set of delay

elements 702, and second set of delay elements 704. The outputs from first set of delay elements
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702 can be provided as inputs to second set of delay elements 704, the outputs from second set of
delay elements 704 can be provided as input to multiplexer 710, and the output of multiplexer
710 can be provided as input to first set of delay elements 702, thereby completing the loop.
Select signal 712 can be provided to multiplexer 710 to select an output from one of the delay
elements in second set of delay elements 704.

[0088] First set of delay elements 702 can receive injection signals 708 and produce
output signals 706. For example, injection signals 708 may be received from the previous
injection-locked oscillator or from the pulse generator, and output signals 706 may be output as
the output signal of the MILO or be provided as injection signals to the next injection-locked
oscillator.

[0089] In some embodiments described herein, the loop length of injection-locked
oscillator 700 can be varied by using select signal 712 to select the appropriate output from
second set of delay elements 704. For example, suppose first set of delay elements 702 includes
a chain of four delay elements, and second set of delay elements 704 includes a chain of three
delay elements. Further, suppose that the output from each of the three delay elements in second
set of delay elements 704 is provided as an input to multiplexer 710. Now, select signal 712 can
be used to select a total loop length of five, six, and seven delay elements.

[0090] In some embodiments described herein, injection-locked oscillator 700 can be
used to reduce deterministic jitter in output signals 706. For example, suppose output signals 706
have the deterministic jitter shown in FIG. 4 when the loop length of injection-locked oscillator
700 is kept constant at a nominal value. The deterministic jitter shown in FIG. 4 can be reduced
by decreasing the loop length of the injection-locked oscillator from the nominal value when
edge E1 appears at the input of first set of delay elements 702, and increasing the loop length of
the injection-locked oscillator when edge E4 appears at the input of the first set of delay elements
702. Note that the fundamental frequency of the injection-locked oscillator does not change if
the net adjustment in the loop length over a deterministic jitter period is equal to zero. For
example, the fundamental frequency of the injection-locked oscillator will not change if the loop
length is decreased by one delay element for edge E1 and increased by one delay element for
edge E4 because, in this case, the net adjustment in the loop length over a single deterministic
jitter period would be equal to zero. Those skilled in the art will understand that a blender (e.g.,
mixing or interpolating circuits) may be substituted for multiplexer 710 to provide loop lengths
and oscillator frequencies in-between the discrete values provided by the relatively coarse

adjustment of the addition or subtraction of a complete delay element.
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[0091] FIG. 8A illustrates an unwrapped adjustable loop-length injection-locked
oscillator in accordance with some embodiments described in this disclosure. The injection-
locked oscillator illustrated in FIG. 8 has four sub-ring stages. Injection-locked oscillators that
have fewer or more sub-ring stages will be readily apparent to those skilled in the art based on
the embodiments described in this disclosure.

[0092] As described herein, an injection-locked oscillator with a configurable loop length
can include an arbitrary number of sub-ring stages. The sub-ring stages can be configured so that
the injection-locked oscillator loop inverts the signal. For example, this can be accomplished by
performing an odd number of inversions in the injection-locked oscillator loop. In some
embodiments, the injection-locked oscillator may oscillate at a sub-harmonic of the desired
output frequency.

[0093] In some embodiments, each sub-ring stage can include a first chain of delay
elements and a second chain of delay elements. Each delay element in the first chain of delay
elements can receive an injection signal from a set of injection signals. The last delay element in
the first chain of delay elements can be coupled to the first delay element in the second chain of
delay elements. The output from the last delay element in the second chain of delay elements in
a sub-ring stage can be inverted and coupled to the first delay element in the first chain of delay
elements in the next stage.

[0094] Each sub-ring stage can further include a multiplexer/blender. The output of each
delay element in the second chain of delay elements can be provided as an input to the
multiplexer/blender. The output from the multiplexer/blender in each sub-ring stage can be
provided as inputs to a main multiplexer, and the output of the main multiplexer can be provided
as the output of the injection-locked oscillator.

[0095] The multiplexer/blender in each sub-ring stage can be used to adjust the number
of delay elements that a signal passes through before being provided as an input to the main
multiplexer. Specifically, a select signal can be provided to each multiplexer/blender in each
sub-ring stage to select a desired number of delay elements.

[0096] In some embodiments, one or more pulses can be circulating in the injection-
locked oscillator at any given time. As a pulse travels through a sub-ring stage, the
multiplexers/blenders in that sub-ring stage can be used to adjust the width of the pulse.. The
adjusted pulse can then be outputted through the main multiplexer. Specifically, the main
multiplexer can output a sequence of pulses (with any width adjustments) as the one or more
pulses travel around the injection-locked oscillator by selecting the output from each of the

multiplexers/blenders in a round-robin fashion. Note that the output frequency of the injection-
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locked oscillator does not change if the net adjustment in the pulse widths is equal to zero. In
some embodiments, the output from the main multiplexer can be inputted into a counter, whose
output can be inputted into a decoder, and the output of the decoder can be supplied as the select
signal to the main multiplexer.

[0097] Injection-locked oscillator 800 can include multiple sub-ring stages, such as, sub-
ring stages 818-1, 818-2, 818-3, and 818-4. In some embodiments, the sub-ring stages can be
configured so that the injection-locked oscillator loop inverts the signal. This can be
accomplished by performing an odd number of inversions in the injection-locked oscillator loop,
e.g., by inverting the output signal from sub-ring stage 818-4 and providing the inverted signal as
an input to sub-ring stage 818-1.

[0098] In some embodiments, cach sub-ring stage can include two chains of delay
elements and a multiplexer/blender. Specifically, sub-ring stage 818-1 can include first chain of
delay elements 802-1, second chain of delay elements 804-1, and multiplexer/blender 814-1.
Each delay element in first chain of delay elements 802-1 can receive a corresponding injection
signal from the set of injection signals 808. Sub-ring stage 818-2 can include first chain of delay
elements 802-2, second chain of delay elements 804-2, and multiplexer/blender 814-2. Each
delay element in first chain of delay elements 802-2 can optionally receive a corresponding
injection signal (shown using a dashed line) from the set of injection signals 808. Sub-ring stage
818-3 can include first chain of delay elements 802-3, second chain of delay elements 804-3, and
multiplexer/blender 814-3. Each delay element in first chain of delay elements 802-3 can
optionally receive a corresponding injection signal (shown using a dashed line) from the set of
injection signals 808. Sub-ring stage 818-4 can include first chain of delay elements 802-4,
second chain of delay elements 804-4, and multiplexer/blender 814-4. Each delay element in
first chain of delay elements 802-4 can optionally receive a corresponding injection signal
(shown using a dashed line) from the set of injection signals 808.

[0099] The last delay element in first chain of delay elements 802-1 can be coupled to the
first delay element in second chain of delay elements 804-1. Similarly, the last delay element in
first chain of delay elements 802-2 can be coupled to the first delay element in second chain of
delay elements 804-2, the last delay element in first chain of delay elements 802-3 can be
coupled to the first delay element in second chain of delay elements 804-3, and the last delay
element in first chain of delay elements 802-4 can be coupled to the first delay element in second
chain of delay elements 804-4.

[0100] The outputs from the delay elements in second chain of delay elements 804-1 can

be provided as inputs to multiplexer/blender 814-1. Similarly, the outputs from the delay
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elements in second chain of delay elements 804-2 can be provided as inputs to
multiplexer/blender 814-2, the outputs from the delay elements in second chain of delay elements
804-3 can be provided as inputs to multiplexer/blender 814-3, and the outputs from the delay
elements in second chain of delay elements 804-4 can be provided as inputs to
multiplexer/blender 814-4.

[0101] The outputs (and optionally inverted versions of the outputs) of
multiplexers/blenders 814-1, 814-2, 814-3, and 814-4 can be provided as inputs to main
multiplexer 810, and the output of main multiplexer 810 can be outputted as output signal 806 of
injection-locked oscillator 800.

[0102] Multiplexers/blenders 814-1, 814-2, 814-3, and 814-4 can be used to adjust the
number of delay elements that an edge passes through before it is inputted into main multiplexer
810, or to blend or interpolate between intermediate settings between two delay-element phases.
Using a blender can enable a finer precision in path length to be obtained.

[0103] In some embodiments, as an edge travels through each sub-ring stage,
multiplexers/blenders 814-1, 814-2, 814-3, and 814-4 can be used to adjust the timing of the
edge, thereby adjusting the width of the individual pulses. The width-adjusted pulses can then be
outputted through main multiplexer 810. Specifically, main multiplexer 810 can output pulses
(with any width adjustments) as the one or more pulses travel around injection-locked oscillator
800 by selecting the output from multiplexers/blenders 814-1, 814-2, 814-3, and 8144 in a
round-robin fashion. Note that the output frequency of injection-locked oscillator 800 does not
change if the net adjustment in the pulse widths is equal to zero. This can be accomplished by
having complementary delay settings on each of the sub-ring stages 818-1,818-2, 818-3, and 818-
4. In some embodiments, output signal 806 from main multiplexer 810 can be inputted into
counter 816, the output of counter 816 can be inputted into decoder 820, and the output of
decoder 820 can be supplied as select signal 812 to main multiplexer 810.

[0104] FIG. 8B illustrates waveforms associated with an unwrapped adjustable loop-
length oscillator with four sub-ring stages in accordance with some embodiments described in
this disclosure. For example, the waveforms illustrated in FIG. 8B can correspond to an
embodiment of ILO 800 shown in FIG. 8B that has four sub-ring stages. The differential signal
waveforms shown in FIG. 8B are for illustration purposes only, and are not intended to limit the
scope of the described embodiments.

[0105] Waveforms 852, 854, 856, and 858 can correspond to the outputs of
multiplexers/blenders 814-1, 814-2, 814-3, and 814-4, respectively, when the sub-ring stages do

not perform any pulse width adjustments. Since the pulse widths have not been adjusted, the
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multiplexer output signals may have deterministic jitter, as shown in waveform 852.
Specifically, the deterministic jitter may include a repeating pattern of four pulses whose widths
are T11,T12,T13, and T14. Pulse width T11 corresponds to the widest pulse, pulse width T12
and T13 correspond to medium width pulses, and pulse width T14 corresponds to the narrowest
pulse.

[0106] Waveforms 854, 856, and 858 represent delayed versions of waveform 852.
Specifically, waveform 854 is a delayed version of waveform 852, wherein the delay is equal to
one-fourth of the loop delay. Similarly, waveform 856 is a delayed version of waveform 854,
and waveform 858 is a delayed version of waveform 856, wherein both delays are equal to one-
fourth of the loop delay.

[0107] Waveform 860 can correspond to select signal 812. The numbers inside the
pulses in waveform 860 can correspond to the input (or inverted versions of the input) that is
selected by select signal 812. For example, values “0,” “1,” “2,” and “3” may correspond to the
outputs (or the inverted versions of the outputs) of multiplexers/blenders 814-1, 814-2, 8§14-3,
and 814-4, respectively, being selected by main multiplexer 810. The shape of waveform 860 is
for illustration purposes only; the actual shape of waveform 860 may depend on the selection
circuitry of multiplexer 810. For example, in some embodiments, select signal 812 may be
supplied using a 3-bit data bus that carries a 3-bit value that corresponds to one of the eight
inputs of main multiplexer 810. Waveform 862 can correspond to output signal 806 when the
sub-ring stages perform width adjustment. As shown in FIG. 8B, waveform 862 has
substantially less jitter than waveforms 852-858.

[0108] FIG. 9 illustrates memory controller circuitry that includes a MILO in accordance
with some embodiments described in this disclosure.

[0109] Memory controller circuit 900 can be included in any integrated circuit that
communicates with memory devices and/or memory modules. For example, memory controller
circuit 900 can be included in chip 906 which can be a memory controller chip, a single core or
multi-core processor, a graphics processing unit (GPU), and/or a system on a chip (SoC).
Memory controller circuit 900 may be coupled with memory devices and/or memory modules
(e.g., memory module 904) via one or more signal lines, which may carry control signals, clock
signals, and/or data signals. Memory controller circuit 900 may include one or more MILOs,
such as MILO 902. In some embodiments, memory controller circuit 900 may use MILO 902 to
generate a clock signal that is used for communicating between memory controller circuit 900
and memory module 904 and/or memory devices disposed on memory module 904. FIG. 9 is for

illustration purposes only, and is not intended to limit the scope of the disclosed embodiments.
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[0110] Any data structures and/or code described in this disclosure can be stored on a
computer-readable storage medium, which may be any device or medium now known or later
developed that can store code and/or data for use by a computing system. Examples of a
computer-readable storage medium include, but are not limited to, volatile memory, non-volatile
memory, magnetic and optical storage devices such as disk drives, magnetic tapes, CDs (compact
discs), and DVDs (digital versatile discs or digital video discs).

[0111] The methods and/or processes described in this disclosure can be embodied as
code and/or data, which can be stored in a computer-readable storage medium as described
above. The methods and/or processes may be performed when the code and/or data stored on the
computer-readable storage medium is executed.

[0112] The methods and/or processes described in this disclosure can also be embodied in
hardware. Hardware embodiments include, but are not limited to, application-specific integrated
circuit (ASIC) chips, field-programmable gate arrays (FPGAs), and other programmable-logic
devices now known or later developed.

[0113] Various modifications to the disclosed embodiments will be readily apparent to
those skilled in the art, and the general principles defined herein may be applied to other
embodiments and applications without departing from the spirit and scope of the present
disclosure. Thus, the scope of the present disclosure is not limited to the embodiments shown,
but is to be accorded the widest scope consistent with the principles and features disclosed

herein.
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What Is Claimed Is:

1. A circuit, comprising:

a first injection-locked oscillator to generate a first set of output signals, the first
injection-locked oscillator having a first set of injection points, wherein each injection point in
the first set of injection points is capable of receiving a corresponding input signal in a set of
input signals; and

a second injection-locked oscillator to generate a second set of output signals, the second
injection-locked oscillator having a second set of injection points, wherein each injection point in
the second set of injection points is capable of receiving a corresponding output signal in the first

set of output signals.

2. The circuit of claim 1, wherein each input signal in the set of input signals is a

delayed version of a sequence of pulses.

3. The circuit of claim 2, wherein the sequence of pulses includes return-to-null

pulses.

4. The circuit of claim 2, further comprising:
a pulse generator to generate the sequence of pulses; and

a chain of delay elements to generate multiple delayed versions of the sequence of pulses.

5. The circuit of claim 4, wherein the pulse generator comprises:

a first pulse generator to generate a first sequence of pulses based on a reference signal;
and

a second pulse generator to generate the sequence of pulses based on the first sequence of

pulses.

6. The circuit of claim 1, further comprising an output node to output an output

signal from the second set of output signals.

7. The circuit of claim 1, wherein the circuit is part of a memory controller circuit

that controls the operation of a memory device.
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8. A method, comprising:

receiving a set of pulse-width values corresponding to a deterministic jitter pattern in an
output signal of a duty cycle corrector (DCC); and

in response to determining that the minimum value in the set of pulse-width values is not
substantially equal to the second minimum value in set of pulse-width values, adjusting a control

input value of the DCC.

9. The method of claim 8, further comprising, in response to determining that the
minimum value in the set of pulse-width values is substantially equal to the second minimum

value in the set of pulse-width values, storing the control input value of the DCC.

10. A circuit, comprising:

an injection-locked oscillator to generate an output signal having a deterministic jitter
pattern, the injection-locked oscillator having a set of injection points, each injection point
capable of receiving an input signal in a set of input signals; and

a duty cycle corrector (DCC) to adjust pulse widths of the output signal so that the width
of the narrowest pulse in the deterministic jitter pattern is substantially equal to the width of the

second narrowest pulse in the deterministic jitter pattern.

11.  The circuit of claim 10, wherein each input signal in the set of input signals is a

delayed version of a sequence of pulses.

12. The circuit of claim 11, wherein the sequence of pulses includes return-to-null

pulses.

13.  The circuit of claim 10, wherein each input signal in the set of input signals is a

corresponding output signal of a second injection-locked oscillator.

14. An injection-locked oscillator, comprising;:

a chain of delay elements, at least one delay element capable of receiving an injection
signal, at least one delay element capable of receiving an output signal of a multiplexer/blender,
and at least two delay elements capable of providing input signals to the multiplexer/blender; and

the multiplexer/blender capable of varying a loop delay of the injection-locked oscillator.
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15.  The injection-locked oscillator of claim 14, wherein the injection signal is a
sequence of pulses.

16.  The injection-locked oscillator of claim 15, wherein the sequence of pulses
includes return-to-null pulses.

17.  The injection-locked oscillator of claim 14, wherein the injection signal is a
periodic signal having deterministic jitter.

18. An injection-locked oscillator, comprising;:

a set of sub-ring stages configured in a loop, each sub-ring stage including a chain of
delay elements and a sub-ring multiplexer/blender, at least one delay element configured to
receive an injection signal, and at least two delay elements configured to provide input signals to
the sub-ring multiplexer/blender; and

a multiplexer to receive an output signal from each sub-ring multiplexer/blender in each

sub-ring stage, and to output an output signal of the injection-locked oscillator.

19.  The injection-locked oscillator of claim 18, wherein the injection signal is a

sequence of pulses.

20.  The injection-locked oscillator of claim 19, wherein the sequence of pulses

includes return-to-null pulses.

21.  The injection-locked oscillator of claim 18, wherein the injection signal is a

periodic signal having deterministic jitter.
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