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JITTER CORRECTION IN HIGH SPEED DATA LINK

TECHNICAL FIELD

[0001] The disclosure herein relates to data communications systems generally and more

specifically to mitigating the effects of jitter in such systems.

BACKGROUND
[0002] Jitter effects random offsets in the phase of the timing signal, causing an edge of the

actual timing signal to be slightly early or late relative to an ideal timing signal edge. During
high speed data transfers, even the slightest offsets in timing may significantly reduce the
effective margin within which a corresponding data signal may be accurately sampled.

[0003] Figure 1 illustrates a timing relationship where certain lines are shown in bold to
illustrate possible effects of jitter on the sampling margin. More specifically, an ecarly data
signal and a late timing signal (“Rclk”) are highlighted to show the reduced sampling margin
which may result from jitter. When the sampling instant is late with respect to the center of the
data eye, there is less room for error in the timing of the Relk and data signals. As a result of
this reduced sampling margin, there is an increased likelihood for the data signal to be
inaccurately sampled.

[0004] Conventional approaches to mitigating jitter-induced sampling-time error generally
involve adding high-precision filters or other circuitry within the on-chip timing circuitry to
reduce timing signal jitter. Unfortunately, such circuitry tends to add substantial cost and

consume valuable die area.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0005] The disclosure herein is illustrated by way of example, and not by way of limitation,
in the figures of the accompanying drawings and in which like reference numerals refer to
similar elements and in which:
Figure 1 illustrates a timing relationship where certain lines are shown in bold to
illustrate possible effects of jitter on sampling margin;
Figure 2 illustrates one embodiment of a jitter error correction operation;
Figure 3 illustrates a timing relationship between a data signal and a receive timing
signal where jitter is suppressed using jitter alignment;
Figure 4 illustrates one embodiment of a data communications system that uses jitter
error correction;
Figure 5 illustrates an exemplary data communications system with jitter correction;
Figure 6 illustrates a table lookup operation for determining which phase-locked loop
circuit (e.g., a transmit or receive circuit) has the greater loop bandwidth configuration;
Figure 7 illustrates a test and evaluation operation for determining which phase-locked
loop circuit has the greater loop bandwidth configuration;
Figure 8 illustrates a method of single-step programming of the loop bandwidth
configurations;
Figure 9 illustrates a method that relies upon iterative adjustment of the loop bandwidth
in order to suppress the effects of jitter;
Figure 10 illustrates another method of iterative adjustment of the loop bandwidth
configurations;
Figure 11 illustrates another method of jitter error correction;
Figure 12 illustrates an exemplary data communications system having control circuitry

to control jitter correction; and
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Figure 13 illustrates an exemplary data communications system having control circuitry

to control jitter correction across multiple data communications devices.

DETAILED DESCRIPTION

[0006] In embodiments disclosed herein, a method and apparatus is provided for reducing
the effects of jitter on the sampling margin within which to sample a data signal. The jitter of a
receive timing signal (e.g., a clock or strobe signal) can be substantially matched to the jitter of
a transmit timing signal (used for generating the data signal), such that the receive timing signal
effectively tracks jitter in the corresponding data signal. In more specific embodiments, one or
more phase-locked loop (PLL) circuits having adjustable loop bandwidth configurations can be
adjusted to match the jitter profiles of both the data signal and the receive timing signal. For
purposes of discussion, the terms (a) “jitter” and “noise” and (b) “loop bandwidth
configuration” (or LBW configuration) and “loop bandwidth setting” (or LBW setting) may
cach be used interchangeably. Also, although specific reference is made to phase-locked loop
circuits, one of ordinary skill in the art may apply the teachings disclosed herein to delay-
locked loop (DLL) circuits, or any other locked-loop circuit configurations, with relatively little
or no modification.

[0007] Many of the embodiments described in this disclosure involve matching loop
bandwidth configurations in both of the transmit (Tx) and receive (Rx) PLL circuits, to
effectively match jitter and use generated timing signals in a manner that partially or
completely cancels out jitter. In many of the embodiments discussed in this disclosure, the
same reference timing signal is provided to both the Tx PLL and the Rx PLL (and these circuits
are then adjusted to match jitter, to the extent possible). However, in other embodiments, a
different reference timing signal may be provided to each of the Tx PLL and the Rx PLL,

individually.
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[0008] Each of the Tx and Rx PLLs effects low-pass filtering on the received reference
timing signal, the low-pass filtering being defined by a loop bandwidth (e.g., cut-off frequency)
of the respective PLL circuit. In other words, the Tx PLL filters a portion of the jitter profile of
the reference timing signal according to a specific loop bandwidth (LBW) configuration of the
Tx PLL circuit. Similarly, the Rx PLL filters a portion of the jitter profile of the reference
timing signal according to a LBW configuration that is specific to the Rx PLL circuit.

[0009] The Tx PLL and the Rx PLL are generally packaged independently of one another
(e.g., they are manufactured by different sources), and are thus initially configured with
different LBW settings. However, there is very little likelihood of the two PLLs having
identical LBW configurations even if both are provided by the same manufacturer. As a result,
the jitter provided to each of the Tclk and Rclk signals are typically out of sync, which
contributes to a reduction in the data sampling margin, as described above.

[0010] There may also be a fixed offset in signal propagation times between the transmit
circuit and the receive circuit. For example, depending on the length and/or type of
transmission mediums used for signaling between the Tx and Rx PLLs, different amounts of
delay may be applied to each of the data signal and a corresponding reference signal. However,
such differences in propagation time are also mitigated while adjusting for jitter according to
the embodiments herein.

[0011] Figure 2 illustrates one embodiment of a jitter error correction operation. Jitter is a
characteristic of timing signals (e.g., strobe and/or clock signals) which is typically introduced
by a timing signal source and its associated distribution circuitry. At 210, a transmit timing
(Tclk) signal is first generated within a transmit phase-locked loop (Tx PLL) circuit. For
example, this typically involves passing a reference timing signal through a phase detector and
a voltage controlled oscillator (VCO), an output of which is provided back to the phase detector

in a negative feedback configuration. A frequency divider circuit is typically provided along
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the negative feedback path of a PLL circuit. In an alternative embodiment, a delay-locked loop
(DLL) circuit may be substituted for the Tx PLL simply by removing (or omitting) this
frequency divider component. The Tx PLL circuit scales the reference timing signal (typically
operating at a relatively low frequency) to a substantially higher frequency (i.e., the desired
frequency of the data signal), thus generating the Tclk signal used for transmitting data. The
Tclk signal is a periodic clock signal, but as with each of the embodiments discussed in this
disclosure, other forms of timing signals may also be used, such as for example a strobe signal.
[0012] A receive timing (Rclk) signal is generated within a receive (Rx) PLL circuit, at
220. As was mentioned above in the case of the Tx PLL, a DLL or other locked-loop circuit
may also be substituted for the Rx PLL. The receive PLL circuit scales a reference timing
signal (e.g., to a higher frequency) to match the frequency of the Tclk signal, such that the Rclk
signal may be aligned with data transmissions and used by a receiver to sample those
transmissions at the appropriate times.

[0013] Step 230 illustrates an optional intermediate step of determining which phase
locked-loop circuit has the greater (possible) loop bandwidth configuration. For example, the
relative LBWs may be determined by looking up their respective values in a lookup table (e.g.,
based on the manufacturer’s specifications for each of the PLL circuits), as discussed in greater
detail below in reference to Figure 6. The relative LBWSs may also be determined using a test
and evaluation process, as discussed in greater detail below in reference to Figure 7.

[0014] At 240, one or both of the Tx and Rx PLLs are programmed to have nominally
matching LBW configurations. In other words, the LBW configurations for the Tx and/or Rx
PLLs are chosen such that the effects of jitter on data sampling between the Tx and Rx circuits
are substantially reduced (e.g., mitigated). In the case where only one of the PLL circuits is
programmable (i.c., has an adjustable LBW configuration), the LBW configuration of the

programmable PLL is adjusted at step 240. Assuming both PLL circuits have adjustable LBW
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configurations, then each of the Tx and Rx PLLs may be programmed with a (respective)
nominal LBW configuration.

[0015] The programming operation, at 240, may be performed in either a single
programming step, or via a series of iterative adjustments. As will be described in greater detail
below, matching the LBW configurations of the Tx and Rx PLLs effectively synchronizes the
jitter in the Tclk signal with the jitter in the Rclk signal. For example, matching the LBW
setting of the Tx PLL with the LBW setting of the Rx PLL enables the Rclk signal to
substantially track the jitter in the Tclk signal, thus allowing the sampling margin for the data
communication to be maintained relatively constant (i.e., near-ideal). Several embodiments of
this operation will be presented in the discussion below, including: (a) an embodiment where
the PLL with the smaller maximum LBW is set to maximum, and the other PLL programmed
to match it as closely as possible; (b) an embodiment where only one PLL is adjustable, and is
programmed to have its LBW match the LBW of the non-programmable; and (c) embodiments
where different combinations of LBW (irrespective of which is greater or smaller) are
experimented with, to determine a combination which gives the least jitter.

[0016] The aforementioned techniques for jitter “alignment” are advantageous for a number
of reasons. For example, rather than require very precise (i.c., expensive) low-pass filtering
circuitry to remove the jitter from both the Rclk and Tclk signals, low-cost PLL architectures
may be leveraged by nominally matching the jitter in the Relk signal to the jitter in the Tclk
signal (or vice-versa). This is further advantageous because it mitigates the relative timing
error on data sampling due to jitter.

[0017] Figure 3 illustrates a timing relationship between a data signal and a receive timing
(Rclk) signal where jitter is suppressed using jitter alignment. A jitter-corrected Rclk signal is
shown alongside a corresponding Data signal exhibiting jitter. The dotted lines illustrate ideal

(i.e., jitter-free) waveforms of the respective Data and Rclk signals, to which the jitter-afflicted
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Data and Rclk signals are compared (indicated by the solid lines). The ideal sampling margin
is illustrated as the interval (Wip) from the midpoint of the ideal data eye to either edge (i.e.,
transition) of the data eye. As shown, an ideal sampling instant (of the ideal Rclk signal) is
aligned with the ideal data eye midpoint. Thus, a leading edge of the ideal Rclk signal typically
trails a corresponding leading edge of the Data signal by an interval substantially equal to the
ideal sampling margin Wip. Timing instants of the Tclk signal are indicated by corresponding
edges of the Data signal.

[0018] At T1, the edge of the actual Data signal is early with respect to a corresponding
edge of the ideal Data signal, which arrives (i.¢., transitions) at T2, due to jitter in the Tclk
signal. At TS5, the edge of the actual Data signal is again early with respect to a corresponding
edge of the ideal Data signal, which arrives at T6. However, it should be noted that the
duration of time between T1 and T2 is greater than the duration of time between T5 and T6. In
other words, the leading edge of the Data signal (i.e., at T1) is “more early,” relative to the ideal
Data signal, than the trailing edge of the Data signal (i.e., at T5). This, in effect, produces a
wider-than-ideal data eye, and causes the midpoint of the data eye to be located farther (relative
to either edge of the data eye) than the ideal sampling margin Wip.

[0019] At T8, the edge of the actual Data signal is late with respect to a corresponding edge
of the ideal Data signal, which arrives at T7, due to jitter. At T12, the edge of the actual Data
signal is again late with respect to a corresponding edge of the ideal Data signal, which arrives
at T11. This example has been drawn so that the duration of time between T7 and T8 is greater
than the duration of time between T11 and T12, i.e., such that the leading edge of the Data
signal (i.c., at T8) is “more late,” relative to the ideal Data signal, than the trailing edge of the
Data signal (i.c., at T12). This effectively produces a narrower-than-ideal data eye, and causes
the midpoint of the data eye to be located closer (relative to either edge of the data eye) than the

ideal sampling margin Wp.
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[0020] Referring now to the Relk signal, it shown that the sampling instant of the ideal Rclk
signal at T4 is noticeably late with respect to the actual midpoint of the corresponding data eye.
This putative timing error demonstrates the reduction of data sampling margin which would
have occurred, purely as a result of the Data signal arriving early, at T1 and T5. On the other
hand, the sampling instant of the ideal Rclk signal at T9 is noticeably early with respect to the
actual midpoint of the corresponding data eye. This putative timing error shows the reduction
of data sampling margin which would have occurred, purely as a result of the Data signal
arriving late, at T8 and T12.

[0021] According to one embodiment, the same (or at least substantially similar) jitter that
is represented in the Data signal (i.c., Tclk signal) is effectively applied to the Relk signal. To
implement this objective, the transmit and receive PLLs (used in generating the Tclk and Relk
signals, respectively) may be programmed to reduce differences between their loop bandwidth
configurations, €.g., so as to be matched as closely as possible. This goal may be effected by
programming the LBW configuration of one of the PLL circuits (i.c., either the transmit PLL or
the receive PLL) to nominally match the LBW configuration of the other PLL circuit, or by
programming both PLLs if such is supported by the system. This effectively synchronizes the
jitter in the Rclk signal to the jitter in the Tclk signal, thus enabling the timing errors in the Relk
signal to substantially offset the timing errors in the Tclk signal.

[0022] As a result, the actual Relk signal at T3 leads the ideal Rclk signal (at T4) by
substantially the same interval with which the actual Data signal at T1 leads the ideal Data
signal (at T2). The interval between the actual Relk signal and the actual Data signal thus
remains substantially equal to the ideal sampling margin Wip (i.e., [T1 — T3| = Wyp). It should
be noted that the sampling instant of the actual Rclk signal at T3 may still be slightly early
relative to the midpoint of the data eye, since the actual data eye is wider than ideal as depicted

in FIG. 3. However, the sampling time error (i.c., the timing offset of the sampling instant with
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respect to the midpoint of the data eye) is substantially mitigated in comparison to the putative
timing error associated with the ideal Rclk signal (at T4).

[0023] After correcting for jitter, the actual Relk signal at T10 trails the ideal Relk signal
(i.e., at T9) by substantially the same interval with which the actual Data signal at T8 trails the
ideal Data signal (at T7). Accordingly, the interval between the actual Relk signal and the
actual Data signal remains substantially equal to the ideal sampling margin Wyp (i.e., [T8 — T10)|
~ Wip). Paralleling the example presented just above, the sampling instant of the actual Rclk
signal at T10 may still be slightly late with respect to the midpoint of the data eye, since the
actual data eye is depicted as narrower than ideal. However, the sampling time error is
substantially mitigated in comparison to the putative timing error associated with the ideal Relk
signal (at T9).

[0024] Synchronizing jitter in the Rclk and Tclk signals offers greater resiliency, in the
sampling time error, to random phase fluctuations in both the Rclk and Tclk signals. This, in
turn, allows for more robust performance in such data communications systems.

[0025] In another embodiment, jitter adjustment may be performed on only one of the
timing signals (e.g., the Rclk signal or the Tclk signal, used for generating the Data signal), or
on both the Tclk and Rclk signals. It should be noted that, although the Data and Rclk signals
are illustrated as differential and single-ended waveforms, respectively, they are not so limited.
In other words, the Data signal may alternatively be a single-ended waveform and/or the Relk
signal may be a differential waveform.

[0026] Figure 4 illustrates one embodiment of a data communications system that uses jitter
error correction. The data communications system 400 includes: a signal source 410; a transmit
circuit 420, made up of a data transmitter 422 and a phase-locked loop (Tx PLL) circuit 424;
and a receive circuit 430, made up of a data receiver 432 and a phase-locked loop (Rx PLL)

circuit 434. For purposes of describing an exemplary operation of the data communications
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system 400, it is assumed that both the Tx PLL 424 and the Rx PLL 434 have programmable
loop bandwidths. The signal source outputs a reference timing signal (Clkir) to the transmit
circuit 420 and the receive circuit 430. For example, the Clk,s signal may either be a periodic
clock signal or a strobe signal.

[0027] The signal source 410 typically operates at a relatively low frequency (e.g., to save
on power and manufacturing costs). Thus, the Tx PLL 424 receives the low-frequency Clker
signal and generates a transmit timing (Tclk) signal at a specified frequency for data
communication. The data transmitter 422 outputs a data signal to the receive circuit 430 by
transmitting the Tx Data in response to the Tclk signal. For example, the data transmitter 422
may be a digital-to-analog converter (DAC).

[0028] The Rx PLL 434 receives the Clk.r signal and generates a receive timing (Rclk)
signal at the specified frequency. The data receiver 432 then samples the data signal in
response to the Relk signal to reproduce the Tx Data (e.g., as Rx Data). For example, the data
receiver 432 may be an analog-to-digital converter (ADC).

[0029] If desired, the signaling source 410 may be integrated with the transmit circuit 420
or the receive circuit (i.e., the transmit circuit 420 may output the Clk,.r signal to the receive
circuit 430, or vice-versa). In another embodiment, separate signal sources may be provided
for each of the transmit circuit 420 and the receive circuit 430. The PLL circuits (i.e., the Tx
PLL 424 and/or the Rx PLL 434) may be implemented as a delay-locked loop (DLL) circuit, or
other similar locked-loop circuitry. It should also be noted that, in some embodiments, either
the Tx PLL 424 and/or the Rx PLL 434 may have a static or fixed loop bandwidth.

[0030] The graph 460 illustrates the transfer functions for the Tx PLL and the Rx PLL
(Hrx prr and Hex prr, respectively). Frequency is plotted on the x-axis and amplitude (e.g.,
attenuation) is plotted on the y-axis. As illustrated, the Tx PLL and the Rx PLL filter the

received Clk,r signal according to the transfer functions Hrx pr1 and Hrx pr1, respectively.
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The Clk,f signal has an inherent jitter profile which varies with respect to frequency. In this
example, LBWrx and LBWgx represent the maximum loop bandwidth settings of the Tx and
Rx PLLs, respectively. The mismatch between LBWrx and LBWgx effectively creates a jitter
passband, wherein the jitter profile filtered through the Tx PLL is different than the jitter profile
filtered through the Rx PLL. This jitter passband typically causes the jitter in the Tx PLL to be
out of sync with the jitter in the Rx PLL, thus resulting in a relative timing error between the
Rclk signal and the Tclk signal.

[0031] The graph 480 illustrates the transfer functions Hrx prr and Hrx pr1 after loop
bandwidth adjustment. As shown, the jitter passband may be substantially reduced by lowering
the loop bandwidth of the Rx PLL to match the loop bandwidth of the Tx PLL. In this specific
example, loop bandwidth adjustment is performed within the Rx PLL. However, in other
embodiments, the loop bandwidth of the Tx PLL may be adjusted to match the loop bandwidth
of the Rx PLL (e.g., assuming the maximum LBWrx is greater than the maximum LBWgx).
Eliminating the jitter passband allows the jitter in the Relk signal to be effectively in sync with
the jitter in the Tclk signal. As a result, the relative timing error between the Rclk signal and
the Tclk signal may be substantially mitigated.

[0032] Figure 5 illustrates an exemplary data communications system with jitter correction.
The data communications system 500 includes a signal source 510, a transmit circuit 520, and a
receive circuit 530. The signal source 510 outputs a reference timing signal (Clkyer) to the
transmit circuit 520 and the receive circuit 530.

[0033] The transmit circuit 520 includes a data transmitter 522 and a phase-locked loop (Tx
PLL) circuit 524. The Tx PLL 524 has a programmable loop bandwidth, wherein a selected
one of the loop bandwidths LBW;-LBWy may be provided to the Tx PLL control register as
the loop bandwidth of the Tx PLL 524. For example, the control register may store one of a set

number of preconfigured loop bandwidth settings, or alternatively, the control register may be
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programmed to include any value within the continuous range of allowable loop bandwidths
(i.e., LBW; to LBWy). The Tx PLL 524 receives the Clkr signal and generates a transmit
timing (Tclk) signal at a specified frequency. The data transmitter 522 outputs a data signal to
the receive circuit 530 by transmitting the Tx Data in response to the Tclk signal.

[0034] The receive circuit 530 includes a data receiver 532 and a phase-locked loop (Rx
PLL) circuit 534. The Rx PLL has a programmable loop bandwidth, wherein a selected one of
the loop bandwidths LBW;-LBWy may be provided to the Rx PLL control register as the loop
bandwidth of the Rx PLL 524. As with the Tx PLL, the control register may store one of a set
number of preconfigured loop bandwidth settings, or alternatively, the control register may be
programmed to include any value within the continuous range of allowable loop bandwidths
(i.e., LBW; to LBWy). The Rx PLL 534 receives the Clkr signal and generates a receive
timing (Rclk) signal at the specified frequency. The data receiver 532 then samples the data
signal in response to the Rclk signal to reproduce the Tx Data (e.g., as Rx Data).

[0035] Jitter correction is performed by matching the loop bandwidth of the Tx PLL 524 to
that of the Rx PLL 534. In a first example, it is assumed that the maximum loop bandwidth of
the Rx PLL 534 is greater than the maximum loop bandwidth of the Tx PLL 524 (e.g., LBWy >
LBWxy). litter correction in this embodiment may be performed by programming the control
register of the Tx PLL 524 with its maximum loop bandwidth setting (e.g., LBWy), and then
programming the control register of the Rx PLL 534 with a loop bandwidth setting (e.g.,
LBW,-LBW),) that is substantially equivalent to the maximum loop bandwidth of the Tx PLL
524. In a second example, it is assumed that the maximum loop bandwidth of the Tx PLL 524
is greater than the maximum loop bandwidths of the Rx PLL 534 (e.g., LBWx > LBWy). In
this case, jitter correction may be performed by programming the control register of the Rx PLL

534 with its maximum loop bandwidth setting (e.g., LBWy,), and then programming the control
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register of the Tx PLL 524 with a loop bandwidth setting (e.g., LBW;-LBWYy) that is
substantially equivalent to the maximum loop bandwidth of the Rx PLL 534.

[0036] The data communications system 500 may include an additional signal source 540
for injecting additional noise into the Clk,.s signal for calibration and/or testing purposes. For
example, it may be desirable to monitor the effects of loop bandwidth adjustment in the Tx PLL
524 and/or the Rx PLL 534, relative to changes in a signal quality metric. Thus, the signal
source 540 may be controlled to inject additional noise into the Clk,r signal. In this
embodiment, the signal source 540 may be programmable (e.g., having a programmable
frequency and/or amplitude). If desired, the signal source 540 may be integrated with either the
transmit circuit 520 or the receive circuit 530, or both

[0037] Figure 6 illustrates a table lookup operation which may be used to determine which
phase locked-loop circuit has the greater loop bandwidth configuration. Once this is
determined, the circuit with the greater LBW may then be selected for adjustment to minimize
difference between the LBWs. For purposes of FIG. 6, it should be assumed that the each of
the Tx and the Rx PLL are programmable PLL circuits having adjustable (e.g., multiple) LBW
configurations.

[0038] At 610, a lookup of the loop bandwidth for the receive PLL is performed. For this
example, specific LBW configurations for the Rx PLL may be programmatically stored within
a lookup table (or register) in the Rx PLL circuit. In other words, the lookup table may store a
number of possible “configuration values” indicating the possible LBW configurations for the
corresponding PLL circuit. The LBW configurations may be stored (or indexed) in order of
lowest (e.g., minimum) to greatest (e.g., maximum) configuration values, or vice-versa. A
system (or device) controller may then interrogate (e.g., read from) the lookup table for the
corresponding LBW configuration information. For example, the controller may extract all of

the LBW configuration values from the table at once or, alternatively, the controller may
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selectively extract only the configuration value associated with a given index (e.g., only the
maximum configuration value).

[0039] A similar lookup of the loop bandwidth for the Tx PLL may then be performed, at
620. As described above, this may involve interrogating the programmed register in the Tx
PLL for the corresponding configuration values or, alternatively, a separate device controller
may be used to extract the LBW configuration information specifically stored in the Tx PLL.
[0040] At 630, the loop bandwidth of the Rx PLL (LBwrx) is compared with the loop
bandwidth of the Tx PLL (LBWrx). For example, the maximum LBW configuration of the Rx
PLL may be compared with the maximum LBW configuration of the Tx PLL. If LBWgx is
greater than LBWrx, at 640, then the Rx PLL is determined to have the greater (possible) LBW
configuration. On the other hand, if LBWrx is greater than LBWrx, at 650, then the Tx PLL is
determined to have the greater (possible) LBW configuration.

[0041] Figure 7 illustrates a test and evaluation operation for determining which phase-
locked loop circuit has the greater loop bandwidth configuration. For purposes of this
discussion, it is assumed that both the Rx PLL and the Tx PLL have programmable LBWs and
that these PLLs have each been programmed to have their maximum LBW; the LBWs for the
two PLLs may then be adjusted to reduce jitter by reducing the LBW of the PLL with the larger
LBW downward, so as to minimize the difference between the LBWs, and so that both PLL's
are set to have the maximum matching LBWs possible. To perform this process, a designer
may wish to implement a protocol (such as exemplified by Figure 7) for determining which
PLL has the greater LBW and for responsively directing LBW adjustment efforts on that PLL.
[0042] At 710, the loop bandwidth configurations of both the transmit phase-locked loop
(Tx PLL) circuit and the receive phase-locked loop (Rx PLL) circuit are set to their maximum

values, respectively.
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[0043] At 720, an initial signal quality metric (SQy) can be determined, and used as a frame
of reference for subsequent jitter adjustment. For example, the signal quality metric SQr may
correspond to a percentage of the unit interval (UI%) of the data signal. In general, the unit
interval of the data eye corresponds to the width of the data eye, and thus the UI% of the data
signal indicates the actual width of the data eye relative to the theoretical or ideal data eye
width. For example, the initial signal quality metric SQ; based on the UI% of the data signal
may be less than 100% (as shown above, with respect to Figure 3).

[0044] The signal quality metric may alternatively correspond to any determinable
characteristic of the data communication. For example, a predetermined sequence of data may
be transmitted from the Tx PLL to the Rx PLL, and the number of incorrectly (or correctly)
received data bits may be used as the initial signal quality metric SQy. In this example, errors or
inconsistencies between the sampled data and the transmitted data may correspond to sampling
errors resulting from jitter in both the Tx PLL and the Rx PLL. In another example, the signal
quality metric may correspond to the overall size of the “passing window,” or the duration of
time for which a signal is valid (i.e., asserted or deasserted).

[0045] The loop bandwidth setting of the one of the PLLs (e.g., the Rx PLL) is
subsequently adjusted, at 730. For example, the LBW setting of the Rx PLL may be adjusted
by selecting the next-highest loop bandwidth setting (e.g., by programming LBWy; into the Rx
PLL control register, assuming LBW) is the maximum LBW setting) or, alternatively, by
adjusting (e.g., lowering or reducing) a LBW control parameter of the Rx PLL (e.g., by a
predetermined amount). Although, in this particular example, the method first operates on the
Rx PLL, it should be noted that this choice is arbitrary, and either the either the Tx PLL and/or

the Rx PLL may be adjusted to determine the greater of the two.
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[0046] At 740, the adjusted signal quality metric (SQ4) is determined following adjustment.
The same “metric” used to determine the SQj value (e.g., Ul%, accuracy of data transmission,
or passing window size) is typically used in determining the SQa value.

[0047] Then, at 750, the adjusted signal quality metric SQa is compared with the initial
signal quality metric SQj to determine whether the quality of the data signal improves in
response to the loop bandwidth adjustment. For example, assuming the signal quality metric
corresponds to a UI% of the data signal, and SQj is less than 100%, an improvement in signal
quality may be reflected by an increase in the Ul%. In other words, it is generally expected that
successful jitter adjustment (i.c., by substantially matching the jitter in both the Tx and Rx
PLLs) should result in an increased data eye width, such that the actual width of the data eye
more closely resembles the theoretical width of the data eye. Notably, depending on the type of
signal quality metric used, an increase in the SQ4 value (i.e., relative to the value of SQp) may
not necessarily reflect an improvement in the quality of the data signal. For example, if the
signal quality metric corresponds to a number of incorrectly received data bits (“bit error”),
then an SQa value that is greater than the SQ; value would, in fact, indicate degradation in the
quality of the data transfer. In this event, it may be necessary to first evaluate how the
particular metric varies in relation to changes in signal quality, in order to ensure proper
interpretation of data.

[0048] Assuming that the adjusted signal quality metric improves over the initial signal
quality metric (e.g., SQa > SQy), then the adjusted PLL circuit (e.g., the Rx PLL in this
particular example) is said to have the greater loop bandwidth configuration, at 760, and it may
then be used as the subject of adjustment in order to match the PLLs. Alternatively, if the
adjusted signal quality metric does not improve over the initial signal quality metric (e.g., SQa
< SQy), then the other PLL circuit (e.g., the Tx PLL) is said to have the greater loop bandwidth

configuration, at 770, and that PLL circuit may be used as the subject of adjustment.
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[0049] Notably, the method depicted in Figure 7 may also be used to determine a
combination of PLL LBWs that minimizes error or maximizes data eye width, irrespective of
which PLL has a greater LBW. In other words, if there is a combination of PLL LBWs (other
than a maximum matching LBW configuration) which yields relatively good signal quality
characteristics, then that combination of LBWs may be used. Thus, in at least one embodiment
of the teachings discussed herein, one or both PLLs may be cycled through in terms of LBW
configuration, with effects on signal quality measured and used to pick appropriate LBW
values.

[0050] It should also be mentioned that there has been an increasing trend toward
programmable PLLs; thus, the PLL with the greater maximum LBW is generally more likely to
be programmable that the PLL with the smaller maximum LBW. For these reasons, it may
(depending on implementation) be a sound design choice to identify the PLL have the greater
maximum and operate upon it as a first step in attempting to match PLLs, as the PLL circuit
determined to have the greater LBW configuration is generally (i.e., more likely to be) a
programmable PLL.

[0051] Figure 8 illustrates one method of single-step programming of the loop bandwidths.
At 810, the loop bandwidth of the selected phase-locked loop circuit (i.e., either the Rx PLL or
Tx PLL) is programmed to nominally match the loop bandwidth of the other PLL circuit (e.g.,
such that LBWgrx = LBW1x). Notably, the term "program" as used in this context includes both
electrical programming and design choices effected during design or implementation; for
example, the LBW configurations for the Tx PLL and/or the Rx PLL may be determined (e.g.,
chosen) during a design stage (i.c., prior to manufacturing), and the programming may be
effected during manufacturing, e.g., by blowing fuses or hardwiring specific circuit elements.
Alternatively, the programming step 810 may be performed by a controller, based on an in-situ

relative loop bandwidth determination (e.g., step 230 of Figure 2). For example, the LBW of
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the Tx PLL may be referenced in a lookup table, and the LBW configuration of the Rx PLL
may then be set (by software, firmware or hardware) to be substantially equal to that of the Tx
PLL (or vice-versa). Information pertaining to a signal quality metric may also be used in
determining how the LBW configuration of the Rx PLL should be adjusted relative to the LBW
configuration of the Tx PLL (or vice-versa). The loop bandwidth settings may then be stored
(e.g., for future operation of the data communications system) at 820.

[0052] As mentioned above, in at least one embodiment, combinations of LBW
configurations may be explored without regard to which PLL has the greater LBW. Figure 9
illustrates a method that involves iterative adjustment of the loop bandwidth configurations that
may be used in such an embodiment. For purposes of discussion, it is assumed that both the Tx
PLL and the Rx PLL have adjustable LBW configurations.

[0053] At 910, the loop bandwidth settings for the Tx PLL and the Rx PLL are set to
maximum.

[0054] At 920, an initial signal quality metric (SQy) can be determined, in the manner
indicated above. For example, the signal quality metric SQ; may be chosen to be a percentage
of the unit interval (UI1%) of the data signal. Alternatively, as indicated earlier, the signal
quality metric may correspond to any determinable characteristic of the data communication
(e.g., the accuracy of the received data bits or the passing window size).

[0055] At 930, the LBW configuration of a selected PLL circuit is adjusted (e.g., lowered
or reduced) relative to the other (i.c., the “non-selected”) PLL circuit. For purposes of
discussion, it is assumed that the selected PLL circuit corresponds to the PLL circuit
determined to have the greater LBW configuration (e.g., as described with respect to Figures 6
and/or 7). However, in the case where only one of the PLL circuits has adjustable LBW
settings, then that PLL circuit corresponds to the selected PLL, at 930 (i.e., irrespective of

which PLL circuit is determined to have the greater LBW configuration).
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[0056] The adjusted signal quality metric SQ4 is then determined at 940, post adjustment,
for comparison with the initial signal quality metric SQ;.

[0057] At 950, the adjusting signal quality metric SQ, is compared with the initial signal
quality metric SQ;. For example, the signal quality metric SQa may be determined using any of
the techniques described above (e.g., Ul%, bit error, or passing window size).

[0058] If it is determined that the signal quality improves (e.g., SQa > SQy), then the
current/adjusted LBW setting for the selected PLL circuit is updated (e.g., stored), at 960. As
noted above, because a number of different signal quality metrics may be used, it may be
necessary to understand how the selected metric varies with respect to changes in signal
quality, in order to ensure proper interpretation of the data.

[0059] If the adjustment results in improved signal quality, the adjusted signal quality
metric 18 set as the new initial signal quality metric (i.e., SQr = SQa), as indicated by reference
numeral 970 (otherwise, the adjustment operation is terminated, at 980). In other words,
threshold (or standard) for detecting an improvement in signal quality is reset, so that
subsequent comparisons may use it as a reference in order to determine the optimal adjustment.
The loop bandwidth adjustment operation then returns to step 930, where the LBW
configuration of the selected PLL is once again adjusted. For example, the process of reducing
the LBW setting of the selected PLL and comparing the adjusted signal quality metric SQa
with the initial signal quality metric SQI (i.¢., steps 930 — 970) may be repeated until it is
determined that the signal quality does not improve after a subsequent adjustment of the LBW
setting of the selected PLL circuit, at 950 (e.g., SQa < SQy or SQa < SQy).

[0060] If desired, a limit may be placed on the number of iterations, such that the LBW
configuration of the selected PLL may be adjusted for at most a predetermined number of
iterations. For example, an alternative step may be provided, at 955, for determining whether

the LBW setting of the selected PLL has been adjusted through a “maximum” (e.g., a user-
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defined limit) number of iterations. If it is determined that, at 955, the specified limit of
iterations has been reached, the operation subsequently terminates, at 980. In other words, the
LBW settings are continually adjusted (and corresponding improvements in the signal quality
monitored) for only so long as the maximum number of iterations has not been reached. This
alternative step may be useful in providing a cap on the total amount of time and/or system
resources allocated to performing a jitter error correction operation.

[0061] It was mentioned carlier that some implementations of the teachings described in
this disclosure may perform in situ adjustment. In one embodiment, the iterative adjustment
operation described with respect to Figure 9 is performed during an actual data communication
session (i.e., while concurrently communicating data between the transmit circuit and the
receive circuit). Thus, the stored LBW settings may be updated in near real-time (e.g.,
continuously, in regular intervals, or on-demand). The trigger to initiate this iterative
adjustment operation may also, if desired, be invoked “on-demand.” For example, the
communications system may be configured to operate in a calibration or test mode (e.g., during
startup, or on a periodic basis), or may be performed prior to runtime, using a set of
preconfigured (or user-configured) test data.

[0062] Also, although the embodiment just described called for initially setting each LBW
to maximum, at 910, this operation is arbitrary, i.c., the LBW's may be initially set to any level
(e.g., minimum) with the system configured to cycle through possible combinations of LBW
values to determine which combination yields the best signal metrics.

[0063] Figure 10 illustrates another implementation that relies upon iterative adjustment of
the loop bandwidth configurations. For purposes of this discussion, it is again assumed that
both the Rx PLL and the Tx PLL have programmable LBWs and that these PLLs have each
been programmed to have their maximum LBW; the LBWs for the two PLLs may then be

adjusted to reduce jitter by reducing the LBW of the PLL with the larger LBW downward, so as
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to minimize the difference between the LBWs. As noted above, to perform this process, a
designer may wish to implement a protocol for determining which PLL has the greater LBW
and for responsively directing LBW adjustment efforts on that PLL.

[0064] At 1010, the loop bandwidth configuration for the non-selected PLL circuit (PLLyg)
is set to maximum.

[0065] At 1020, the loop bandwidth configuration for the selected PLL circuit (PLLg) is
also set to maximum. For purposes of discussion, it is assumed that the selected PLL circuit
corresponds to the PLL circuit determined to have the greater loop bandwidth configuration
(e.g., as described with respect to Figures 6 and 7). In other words, either the Tx PLL or the Rx
PLL will be the selected PLL circuit, while the other of the Tx PLL or the Rx PLL will be the
non-selected PLL circuit.

[0066] At 1030, an initial signal quality metric (SQy) is determined. For example, the
signal quality metric SQa may be determined using any of the techniques described above (e.g.,
UlI%, bit error, or passing window size).

[0067] Then at 1040, the LBW configuration of PLLg is adjusted (e.g., lowered or reduced)
relative to that of PLLxng.

[0068] The adjusted signal quality metric SQ4 is then determined, at 1050, to be compared
with the initial signal quality metric SQx.

[0069] At 1060, the adjusted signal quality metric SQA is compared with the initial signal
quality metric SQ;. As noted above, because a number of different signal quality metrics may
be used, it may be necessary to understand how the selected metric varies with respect to
changes in signal quality, in order to ensure proper interpretation of the data.

[0070] If at 1060 it is determined that the signal quality improves (e.g., SQa > SQy), then

the current/adjusted LBW setting for PLLg is updated (e.g., stored), at 1062.
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[0071] At 1064, the adjusted signal quality metric is set as the new initial signal quality
metric (i.e., SQ; = SQ4). In other words, the threshold (or standard) for detecting an
improvement in signal quality during subsequent LBW iterations of PLLg is reset.

[0072] The loop bandwidth adjustment operation then returns to step 1040, where the LBW
configuration of PLLg is once again adjusted. For example, the process of adjusting the LBW
setting of PLLg and comparing the adjusted signal quality metric SQa with the initial signal
quality metric SQy (i.¢., steps 1040 — 1064) may be repeated until it is determined that the signal
quality does not improve after a subsequent adjustment of the LBW setting of PLLg, at 1060
(e.g., SQa < SQror SQa < SQ).

[0073] If at 1060 it is determined that the signal quality does not improve (e.g. SQa < SQj,
or SQa < SQy), then the current SQy value is stored, at 1070. This SQy value represents the best
(or greatest) signal quality determined for a respective LBW iteration of PLLxys.

[0074] At 1080, the LBW setting for PLLyg circuit is adjusted (e.g., reduced or lowered).
The loop bandwidth adjustment operation then returns to step 1020, where the LBW
configuration of PLLg is once again set to its maximum value. In this manner, a resulting
signal quality metric from every possible pairing (or permutation) of LBW configurations for
both PLLg and PLLyg is determined. The stored SQ; values (associated with the best
determined signal quality for every LBW iteration of PLLys) are then compared with one
another to determine which pair of LBW settings (for both the Tx PLL and Rx PLL) yields the
greatest overall improvement in signal quality.

[0075] Once all of the LBW settings for PLLyg have been exhausted (e.g., the LBW setting
for PLLxg has cycled through its lowest adjustable value), the jitter error correction operation
terminates, at block 1080. Finally, the Tx and/or Rx PLL may be programmed with the

resulting LBW setting(s) determined at the end of the jitter adjustment operation in order to
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mitigate the effects of sampling error, due to jitter, when communicating data through the
overall signaling system.

[0076] As indicated above, an optional step may also be used (i.e., at 1061) to determine
whether the LBW setting of PLLg has been adjusted through a maximum number of iterations.
[0077] It should be noted that differences in signal propagation times (e.g., Data and Clkier
signals) between the transmit circuit and the receive circuit may be accounted for (e.g.,
mitigated) by iteratively adjusting the LBW configuration of the selected PLL relative to
changes in the signal quality metric (e.g., as described with respect to the embodiments of
Figures 9 and 10).

[0078] Figure 11 illustrates yet another jitter correction operation that may be performed
using the teachings provided by this disclosure.

[0079] At 1110, a determination is made as to whether the phase-locked loop circuits (i.e.,
the Tx PLL and Rx PLL) are programmable. Generally, in order to implement the jitter
correction embodiments herein, at least one of the PLL circuits should have a programmable
LBW. Thus, if it is determined that neither of the PLL circuits have programmable LBW
settings, then the jitter correction operation comes to an end, at 1150. If at least one of the PLL
circuits has a programmable LBW, then the jitter correction operation proceeds by generating
Tclk and Rclk signals in the Tx and Rx PLLs, respectively, at 1120.

[0080] Step 1130 illustrates an optional intermediate step of determining the relative loop
bandwidth configurations of the Tx and Rx PLL circuits. For example, the relative LBWs may
be determined by looking up their respective values in a lookup table (e.g., as discussed above
in reference to Figure 6). Alternatively, the relative LBWs may be determined using a test and
evaluation process (¢.g., as discussed above in reference to Figure 7).

[0081] At 1140, the Tx and Rx PLLs are programmed to have nominally matching LBWs.

For example, this may be performed in a single programming step (e.g., as discussed above in
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reference to Figure 8). Alternatively, this LBW adjustment may be performed via a series of
iterative adjustments (e.g., as discussed above in reference to Figures 9 and 10).

[0082] As discussed above, in connection with Figure 9, the jitter correction operation may
either be performed offline or during system runtime (e.g., via a startup operation, a periodic
calibration operation, or on-demand). The jitter error correction operations described herein
may also, depending on embodiment, be carried out manually (e.g., by a user of the
communications system and/or devices) or automatically (e.g., by a processor and/or
controller). In other words, a user may monitor a transmitted data signal for changes in a signal
quality metric and manually adjust the loop bandwidth configurations (e.g., program the control
register) for either of the PLL circuits. Alternatively (or in addition), a system controller
connected to the data communications system may detect changes in quality of the transmitted
data signal and automatically adjust the loop bandwidth configurations of either of the PLL
circuits.

[0083] Figure 12 illustrates an exemplary data communications system having control
circuitry to control jitter correction. The data communications system 1200 includes a signal
source 1210, a transmit device 1220, and a receive device 1230. For purposes of illustration,
the signal source 1210 is shown separate from both the transmit device 1220 and the receive
device 1230, e.g., as separate integrated circuits. However, depending on implementation, the
signal source 1210 may be embodied within a common device, such as a transmit device 1220,
configured as a single integrated circuit.

[0084] The transmit device 1220 includes transmit (Tx) circuitry 1222 and control circuitry
1224. The Tx circuitry 1222 is provided for transmitting data to the receive device 1230 based,
at least in part, on times indicated by the reference timing (Clky) signal. For example, the
transmit circuitry 1222 may correspond to the Tx circuit as shown in Figures 4 and 5. The Tx

circuitry 1222 may initially receive the data from another device (e.g., external to the transmit
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device 1222, e.g., in a situation where, for example, the transmit device is part of a memory
controller). Alternatively, the data to be transmitted may reside within the transmit device 1220
(e.g., within a local memory or register). The control circuitry 1224, which may be
implemented by a state machine, microcontroller or any other processor or control logic (e.g.,
implemented in software and/or hardware), connects to the Tx circuitry 1222 via control bus
Ctrl_A.

[0085] The receive device 1230 includes receive (Rx) circuitry 1232 to receive the data
signal based, at least in part, on times indicated by the Clkr signal. Although not shown, for
purposes of simplicity, the receive device 1230 may include additional circuitry for storing
and/or processing the received data. For example, the receive device 1230 may correspond to a
memory device, and may thus include one or more registers for storing the received data. The
control circuitry 1224 further connects to the Rx circuitry via control bus Ctrl B.

[0086] Implementing the principles discussed above, the control circuitry 1224 may effect a
jitter correction operation for the data communications system 1200. For example, the control
circuitry 1224 may adjust the LBW setting of one or more PLL circuits within the Tx circuitry
1222 and/or the Rx circuitry 1232 (e.g., via Ctrl_A and Ctrl B, respectively) using the steps
discussed above. Additionally, the control circuitry 1224 may receive information from the Tx
circuitry 1222 and/or the Rx circuitry 1232 for purposes of determining how the corresponding
PLLs should be adjusted. For example, the information gathered from the Tx circuitry 1222
and/or the Rx circuitry 1232 may be used to determine a signal quality metric (e.g., UI%,
accuracy of data transmission, or passing window size). The control circuitry 1224 may also
control (i.e., coupled and/or decouple) an additional signal source (not shown, for simplicity) to
inject additional noise into the Clk,s signal for calibration and/or testing purposes

[0087] Figure 13 illustrates an exemplary data communications system having control

circuitry to control jitter correction across multiple data communications devices. The
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communications system 1300 is made up of a single transmit (Tx) device 1320 connected to a
series of receive (Rx) devices 1330,-1330x. The Tx device 1320 may, in one embodiment, be
implemented as part of a memory controller, and the Rx devices 1330,-1330y may be
implemented as a number of memory devices. Importantly, although these elements are labeled
Tx and Rx, respectively, it should be understood that the data path may be unidirectional or
bidirectional, and that more than one communication path may be used (e.g., two unidirectional
paths). Only one data bus is illustrated in FIG. 13, for purposes of simplifying discussion, but it
should be understood that the principles discussed herein may be applied to each such bus.
[0088] The Tx device transmits data to the Rx devices 1330,-1330y, along with a
corresponding reference timing (Clk,r) signal. Depending on implementation, one or more of
the receive devices 1330;-1330x may receive (i.c., sample) the transmitted data based, at least
in part, on times indicated by the Clk,r signal. The Tx device 1320 may then collect
information regarding the quality of the transmitted data signal (e.g., via the control bus Ctrl)
and adjust the PLLs of at least one of the Tx device 1320 and/or Rx devices 1330;-1330y,
accordingly.

[0089] Each of the Rx devices 1330;-1330yx may include different PLL circuitry for timing
reception of the transmitted data. In other words, the LBW settings for each of the Rx 1330;-
1330y is likely to vary from device to device. Furthermore, some of the Rx devices 1330;-
1330x may have adjustable PLLs, while others do not. Thus, it may be difficult (if not
impossible) to determine a LBW setting which yields the best possible adjusted signal quality
metric for data communications between the Tx device 1320 and each of the Rx devices 1330;-
1330x.

[0090] Applying the principles discussed earlier, the control circuitry within the Tx device
adjusts the PLLs of at least one of the Tx device 1320 and/or Rx devices 1330,-1330y to reduce

the difference between their LBW settings, matching them as closely as practical or possible.
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A number of methods may be employed in order to select LBW settings for each device. For
example, in one embodiment, the system may select a LBW for the Tx device 1320, and select
an "ideal value" for the Rx devices 1330,-1330y, setting their LBWs as closely as possible to
this ideal value. Alternatively, the LBW for each Rx device may be individually programmed,
or some other metric or algorithm may be used to set the Rx LBWs. For example, as
mentioned earlier, the control circuitry may cycle through every possible combination of LBW
settings for the Tx device 1320 and each Rx device 1330,-1330x, one by one. The control
circuitry may perform a statistical analysis on the results of the jitter correction operations to
determine individual LBW settings for each Tx and Rx device pair which yields the greatest
overall improvement in signal quality metric among the devices (e.g., based on the mean,
median, or mode of the signal quality metrics). Other methodologies will also no doubt occur
to those having skill in digital systems design.

[0091] It should be noted that the various integrated circuits, dice and packages disclosed
herein may be described using computer aided design tools and expressed (or represented), as
data and/or instructions embodied in various computer-readable media, in terms of their
behavioral, register transfer, logic component, transistor layout geometries, and/or other
characteristics.

[0092] When received within a computer system via one or more computer-readable media,
such data and/or instruction-based expressions of the above described circuits may be processed
by a processing entity (e.g., one or more processors) within the computer system in conjunction
with execution of one or more other computer programs including, without limitation, net-list
generation programs, place and route programs and the like, to generate a representation or
image of a physical manifestation of such circuits. Such representation or image may thereafter
be used in device fabrication, for example, by enabling generation of one or more masks that

are used to form various components of the circuits in a device fabrication process.
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[0093] In the foregoing description and in the accompanying drawings, specific
terminology and drawing symbols have been set forth to provide a thorough understanding of
the present invention. In some instances, the terminology and symbols may imply specific
details that are not required to practice the invention. For example, any of the specific numbers
of bits, signal path widths, signaling or operating frequencies, component circuits or devices
and the like may be different from those described above in alternative embodiments. In other
instances, well-known circuits and devices are shown in block diagram form to avoid obscuring
the present invention unnecessarily. Additionally, the interconnection between circuit elements
or blocks may be shown as buses or as single signal lines. Each of the buses may alternatively
be a single signal line, and each of the single signal lines may alternatively be buses. Signals
and signaling paths shown or described as being single-ended may also be differential, and
vice-versa. A signal driving circuit is said to “output” a signal to a signal receiving circuit
when the signal driving circuit asserts (or deasserts, if explicitly stated or indicated by context)
the signal on a signal line coupled between the signal driving and signal receiving circuits. The
term “coupled” is used herein to express a direct connection as well as a connection through
one or more intervening circuits or structures. Integrated circuit device “programming” may
include, for example and without limitation, loading a control value into a register or other
storage circuit within the device in response to a host instruction and thus controlling an
operational aspect of the device, establishing a device configuration or controlling an
operational aspect of the device through a one-time programming operation (e.g., blowing fuses
within a configuration circuit during device production), and/or connecting one or more
selected pins or other contact structures of the device to reference voltage lines (also referred to
as strapping) to establish a particular device configuration or operation aspect of the device.
The terms “exemplary” and "embodiment” are used to express an example, not a preference or

requirement.
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[0094] While the invention has been described with reference to specific embodiments
thereof, it will be evident that various modifications and changes may be made thereto without
departing from the broader spirit and scope. For example, features or aspects of any of the
embodiments may be applied, at least where practicable, in combination with any other of the
embodiments or in place of counterpart features or aspects thereof. Accordingly, the

specification and drawings are to be regarded in an illustrative rather than a restrictive sense.
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CLAIMS

What is claimed is:

1. A method of operation within a signaling system, the method comprising:
generating, in a first locked-loop circuit, a first timing signal to time transmission of a data
signal in a transmit circuit;
generating, in a second locked-loop circuit, a second timing signal to time sampling of the
data signal in a receive circuit; and
adjusting a loop bandwidth configuration of at least one of the first or second locked-loop
circuits to reduce a difference between loop bandwidths of the first and second

locked-loop circuits.

2. The method of claim 1 wherein adjusting a loop bandwidth configuration comprises
adjusting the loop bandwidth configuration to align a phase of the first timing signal with a

phase of the second timing signal.

3. The method of claim 1 wherein adjusting a loop bandwidth configuration of one of the first
or second locked-loop circuits comprises:
determining which of the first or second locked-loop circuits has a greater loop bandwidth
configuration; and
programming the loop bandwidth of a selected one of the first or second locked-loop
circuits to be substantially equal to the loop bandwidth of the other locked-loop

circuit based, at least in part, on the determination.

4. The method of claim 3 wherein programming the loop bandwidth of a selected one of the
first or second locked-loop circuits comprises:
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setting the loop bandwidth configuration of each of the first and second locked-loop
circuits to a maximum value; and

adjusting the loop bandwidth configuration of the locked-loop circuit having the greater
loop bandwidth configuration to be substantially equal to the loop bandwidth

configuration of the other locked-loop circuit.

The method of claim 3 wherein determining which of the first or second locked-loop
circuits has the greater loop bandwidth configuration comprises referencing the loop
bandwidth configuration of at least one of the first or second locked-loop circuits in a

table.

The method of claim 3 wherein determining which of the first or second locked-loop

circuits has the greater loop bandwidth configuration comprises:

adjusting the loop bandwidth configuration of one of the first or second locked-loop
circuits; and

identifying a change in a quality of the data signal in response to the adjustment.

The method of claim 3 wherein the selected locked-loop circuit corresponds to the locked-

loop circuit having the lesser loop bandwidth configuration.

The method of claim 6 wherein the quality of the data signal is determined based on at
least one of: (i) a unit interval percentage, (ii) a sampling bit error, or (iii) a passing

window size of the data signal.

The method of claim 6 wherein selecting one of the first or second locked-loop circuits
comprises selecting the locked-loop circuit which, upon adjusting the loop bandwidth

configuration, yields an improvement in the quality of the data signal.
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The method of claim 1 wherein adjusting a loop bandwidth configuration of at least one of
the first or second locked-loop circuits comprises:

monitoring the data signal for changes in quality; and

iteratively adjusting the loop bandwidth configuration of one of the first or second locked-

loop circuits based on the changes in quality of the data signal.

The method of claim 10 wherein iteratively adjusting the loop bandwidth configuration of
one of the first or second locked-loop circuits comprises iteratively adjusting the loop
bandwidth configuration of one of the first or second locked-loop circuits until no

improvement is detected in the quality of the data signal.

The method of claim 10 wherein iteratively adjusting the loop bandwidth configuration of
one of the first or second locked-loop circuits comprises iteratively adjusting the loop
bandwidth configuration of one of the first or second locked-loop circuits for a

predetermined number of iterations.

The method of claim 1 further comprising, prior to adjusting a loop bandwidth
configuration of at least one of the first or second locked-loop, introducing a substantial

amount of jitter into at least one of the first timing signal or the second timing signal.

A method of operation within a signaling system, the method comprising:

generating, in a first locked-loop circuit, a first timing signal to time transmission of a data
signal in a transmit circuit;

generating, in a second locked-loop circuit, a second timing signal to time sampling of the
data signal in a receive circuit; and

adjusting a first loop bandwidth configuration of at least one of the first or second locked-
30-
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loop circuits to reduce jitter associated with the timing of sampling of the data of the

first and second timing signals.

15. The method of claim 14 wherein adjusting a first loop bandwidth comprises adjusting the
first loop bandwidth configuration such that a phase of the first timing signal is

substantially aligned with a phase of the second timing signal.

16. The method of claim 14 wherein adjusting the first loop bandwidth configuration of at
least one of the first or second locked-loop circuits comprises:
determining the difference between loop bandwidths of the first and second locked-loop
circuits; and
programming the loop bandwidth of a selected one of the first or second locked-loop

circuits in dependence upon the loop bandwidth of the other locked-loop circuit.

17. The method of claim 16 wherein determining the difference between loop bandwidths of
the first and second locked-loop circuits comprises:
referencing the loop bandwidth of at least one of the first or second locked-loop circuits in
a lookup table; and
selecting one of the first or second locked-loop circuits based, at least in part, on the loop

bandwidth of the at least one of the first or second locked-loop circuits, respectively.

18. The method of claim 17 wherein determining the difference between loop bandwidths of
the first or second locked-loop circuits comprises:
adjusting a second loop bandwidth configuration of at least one of the first or second
locked-loop circuits;

identifying a change in a quality of the data signal in response to adjusting the loop
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bandwidth of at least one of the first or second locked-loop circuits; and
selecting one of the first or second locked-loop circuits based, at least in part, on the

change in the signal quality.

The method of claim 18 wherein selecting one of the first or second locked-loop circuits
comprises selecting the locked-loop circuit which, upon adjusting the second loop

bandwidth configuration, yields an improvement in the quality of the data signal.

The method of claim 16 wherein programming the loop bandwidth of a selected one of the
first or second locked-loop circuits in dependence upon the a loop bandwidth of the other
locked-loop circuit comprises:

monitoring the data signal for changes in quality; and

iteratively reducing the loop bandwidth of the selected locked-loop circuit based on

identified changes in the quality of the data signals.

The method of claim 14 wherein: adjusting includes programming the loop bandwidth of
at least one of the locked-loop circuits, to substantially match their loop bandwidths; and
storing at least one of the adjusted loop bandwidth configurations in an integrated circuit

device.

The method of claim 14 further comprising, prior to adjusting a loop bandwidth
configuration of at least one of the first or second locked-loop, introducing additional jitter

into at least one of the first timing signal or the second timing signal.

A controller for operating a data communications system, the controller comprising
measurement circuitry for determining a difference between loop bandwidths of a first

locked-loop circuit and a second locked-loop circuit; and
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programming circuitry for adjusting a loop bandwidth configuration of at least one of the
first and second locked-loop circuits to reduce the difference between loop

bandwidths of the first and second locked-loop circuits.

The controller of claims 23 further comprising measurement circuitry for determining a
difference between loop bandwidths of a first locked-loop circuit and loop bandwidths of a

second locked loop circuitry.

The controller of claim 23 further comprising a storage circuit for storing the one or more

adjusted loop bandwidth configurations.

The controller of claim 23, wherein the programming circuitry is adapted to program a

locked-loop circuit in an integrated circuit device distinct from the controller.

A data communications system comprising:

a first locked-loop circuit for generating a first timing signal to time transmission of a data
signal;

a second locked-loop circuit for generating a second timing signal to time sampling of the
data; and

a controller for adjusting a loop bandwidth configuration of at least one of the first and
second locked-loop circuits to reduce a difference between loop bandwidths of the

first and second locked-loop circuits.

The system of claim 27, wherein the controller comprises circuitry to determine the

difference between loop bandwidths of the first and second locked-loop circuits.

The system of claim 27 further comprising a storage circuit for storing the one or more
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adjusted loop bandwidths.

30. The system of claim 27 wherein at least one of the first and second locked-loop circuits is

programmable.

31. The system of claim 27 further comprising a signal source coupled to provide a third
timing signal to at least one of the first or second locked-loop circuits, wherein the third

timing signal includes a substantial amount of jitter.

32. A data communications system comprising:
means for generating, in a first locked-loop circuit, a first timing signal to time
transmission of a data signal in a transmit circuit;
means for generating, in a second locked-loop circuit, a second timing signal to time
sampling of the data signal in a receive circuit; and
means for adjusting a loop bandwidth configuration of at least one of the first or second
locked-loop circuits to reduce a difference between loop bandwidths of the first and

second locked-loop circuits.

33. Computer-readable media having information embodied therein that includes a description
of an integrated-circuit memory device, the information including descriptions of:
a first locked-loop circuit for generating a first timing signal to time transmission of a data
signal;
a second locked-loop circuit for generating a second timing signal to time sampling of the
data; and
a controller for adjusting a loop bandwidth configuration of at least one of the first or

second locked-loop circuits to reduce a difference between loop bandwidths of the
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first and second locked-loop circuits.
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