HYBRID TIMING RECOVERY

SUMMARY

[0001] In certain embodiments, an apparatus may include a circuit configured to
receive a first phase control value of a phase control value signal, generate a first phase
interpolator control signal value of a phase interpolator control signal and generate a first
digital interpolator control signal value of a digital interpolator control signal. The
apparatus may further be configured to phase interpolate a clock signal based on the first
phase interpolator control signal value to produce a phase shifted clock signal and
digitally interpolate a digital sample based on the first digital interpolator signal value to
produce a phase shifted digital sample having an effective phase based on the first phase
control value, the digital sample generated using the phase shifted clock signal as a

sample clock.

[0002] In certain embodiments, a system may include a timing control circuit
configured to receive a first phase control value of a phase control signal, generate a
phase interpolator control signal based on the phase control signal and generate a first
digital interpolator control signal value of a digital interpolator control signal based on
the phase control signal. The system may further include a phase interpolator that phase
interpolates a clock signal based on the phase interpolator control signal to produce a
phase shifted clock signal and a digital interpolator that digitally interpolates digital
samples based on the digital interpolator signal to produce phase shifted digital samples;
a first digital sample of the digital samples being interpolated based on a first digital
interpolator control value of the digital interpolator control signal to produce a first phase
shifted digital sample having an effective phase based on the first phase control value, the

digital samples being generated using the phase shifted clock signal as a sample clock.

[0003] In certain embodiments, a method may include receiving, by a timing control
circuit, a first phase control value of a phase control value signal, generating, by the
timing control circuit, a first phase interpolator control signal value of a phase
interpolator control signal, and generating, by the timing control circuit, a first digital
interpolator control signal value of a digital interpolator control signal. The method
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may further include phase interpolating a clock signal based on the first phase
interpolator control signal value to produce a phase shifted clock signal and digitally
interpolating a digital sample based on the first digital interpolator signal to produce a
phase shifted digital sample having an effective phase based on the first phase control

value, the digital sample generated using the phase shifted clock signal as a sample clock.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a block diagram of a communication channel which may include
hybrid timing recovery functionality, in accordance with certain embodiments of the

present disclosure;

[0005] FIG. 2 is a block diagram of a sample circuit for a communication channel
which includes hybrid timing recovery functionality, in accordance with certain

embodiments of the present disclosure;

[0006] FIG. 3 illustrates example operations of a timing control circuit during a
timing recovery process, in accordance with certain embodiments of the present

disclosure;

[0007] FIG. 4 is a flowchart of a method of hybrid timing recovery functionality, in
accordance with certain embodiments of the present disclosure;

[0008] FIG. 5 is a flowchart of a method of hybrid timing recovery functionality, in

accordance with certain embodiments of the present disclosure;

[0009] FIG. 6 is a block diagram of a system including hybrid timing recovery

functionality, in accordance with certain embodiments of the present disclosure.

DETAILED DESCRIPTION

[0010] In the following detailed description of the embodiments, reference is made to
the accompanying drawings which form a part hereof, and in which are shown by way of

illustrations. It is to be understood that features of the various described embodiments



may be combined, other embodiments may be utilized, and structural changes may be
made without departing from the scope of the present disclosure. It is also to be
understood that features of the various embodiments and examples herein can be
combined, exchanged, or removed without departing from the scope of the present

disclosure.

[0011] In accordance with various embodiments, the methods and functions
described herein may be implemented as one or more software programs running on a
computer processor or controller. In accordance with another embodiment, the methods
and functions described herein may be implemented as one or more software programs
running on a computing device, such as a personal computer that is using a disc drive.
Dedicated hardware implementations including, but not limited to, application specific
integrated circuits, programmable logic arrays, and other hardware devices can likewise
be constructed to implement the methods and functions described herein. Further, the
methods described herein may be implemented as a computer readable storage medium
or device including instructions that when executed cause a processor to perform the

methods.

[0012] The present disclosure generally relates to synchronous digital systems, and in
some embodiments, the present disclosure may relate to a hybrid timing recovery
approach incorporating both a clock-controlled timing recovery and an interpolated

timing recovery.

[0013] Some systems, such as electrical, electronic, motor drive, processing, or other
systems may receive a signal of interest and process that signal. For example, a read
channel of a communication system or a magnetic recording storage system may receive
an analog input signal and sample the input signal to generate a digitized sample. In
some systems, the sampling of the digitized signal may be synchronized to a phase of the
input signal before being applied to a digital receiver. For example, the digital receiver
may be a detector, a decoder, a filter or other digital system.



[0014] As mentioned above, some embodiments may include hybrid timing recovery
components which may incorporate both clock-controlled timing recovery functionality

and interpolated timing recovery functionality.

[0015] In some examples, clock-controlled timing recovery functionality may shift
the phase of a clock signal to generate a phase shifted clock signal based on a phase
control value. The phase shifted clock signal may then be used for both sampling (e.g.
by an analog-to-digital converter (ADC)) and for clocking the logic of the digital
receiver. The phase control value may be an estimate of the deviation of the phase of
the clock signal from a target phase. The phase shifting of the clock signal may operate
to shift the phase of the clock signal by a phase step size (e.g. on a per sample basis or on
a per multiple sample basis) when the phase control value is greater than the phase step
size. In some embodiments, the phase step size or step size may be a maximum value to
which the magnitude of instantaneous change of the sampling clock phase is limited.
The phase step size may be selected so as to adhere to a minimum length clock cycle
when closing timing on digital logic. If a desired change in clock phase exceeds this
value, then it may be realized by adjusting the phase over multiple cycles, where each

change (or step) in clock phase does not exceed the specified maximum value.

[0016] In addition, the interpolated timing recovery functionality may conduct phase
adjustments digitally (e.g. using an interpolation filter) on the samples generated using
the phase shifted clock signal. For example, when the phase control value is greater
than the phase step size, the interpolated timing recovery functionality may perform
phase adjustment of the samples for the amount the phase control value exceeds the phase

step size.
[0017] An example of such a system is discussed below with regard to FIG. 1.

[0018] Referring to FIG. 1, a block diagram of a communication channel which may
include hybrid timing recovery functionality is shown and is generally designated 100.
System 100 can include an analog-front-end (AFE) 102 that may be coupled to a sample

circuit 104. The sample circuit 104 may be coupled to a digital receiver 106 that may be



coupled back to the sample circuit 104. In addition, system 100 may include a phase
locked loop (PLL) 108 that may be coupled to the sample circuit 104.

[0019] Each of the AFE 102, sample circuit 104, digital receiver 106, and PLL 108
may be a separate circuit, a system on chip (SOC), firmware, a processor(s), or other

system not listed, or any combination thereof.

[0020] In operation, the AFE 102 may receive a continuous-time signal (z(t)) 110 and
perform processing such as analog filtering and applying a gain to produce a continuous-
time signal x(t) 112. In addition, the PLL 108 may operate to produce a clock signal (c)
116.

[0021] The sample circuit 104 may receive the continuous-time signal x(t) 112, the
PLL clock signal (c) 116, and a phase control value 120. The sample circuit may also
generate a phase shifted sample sequence xx 114 and a phase shifted clock signal (¢) 118
using a hybrid timing recovery approach. Additional details of the operation of an
example embodiment of the sample circuit 104 are provided below with respect to FIG.
2.

[0022] The digital receiver 106 may receive the phase shifted sample sequence xix 114
and the phase shifted clock signal (¢) 118. The digital receiver 106 may then process
the phase shifted sample sequence Xk 114 using the phase shifted clock signal (¢) 118.
In addition, the digital receiver 106 may determine or estimate a deviation of the phase of
the clock signal from a target phase and may use it to adjust the desired phase, and return
the desired phase to the sample circuit 104 as the phase control value 120. In some
embodiments, the digital receiver 106 may be agnostic to the hybrid timing recovery
approach of the sample circuit 104 and there may be no limit to the magnitude of the

allowed phase control value 120 changes.

[0023] Referring to FIG. 2, a block diagram of the sample circuit 104 of the
communication channel system 100 which may include hybrid timing recovery
functionality is shown and is generally designated 200. The sample circuit 104 of
FIG. 2 may include an analog-to-digital converter (ADC) 202 that may be coupled to a
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digital interpolator 204. The sample circuit 104 may also include a phase
interpolator 206 that may be coupled to the ADC 202. In addition, the sample circuit
104 may include a timing control circuit 208 that may be coupled to the digital

interpolator 204 and the phase interpolator 206.

[0024] Each of the ADC 202, digital interpolator 204, phase interpolator 206, and
timing control circuit 208 may be a separate circuit, a system on chip (SOC), firmware, a

processor(s), or other system not listed, or any combination thereof.
[0025] In general, the components of the sample circuit 104 may operate as follows.

[0026] The timing control circuit 208 may generate control signals pox 210 and p; k
212 based on the phase control 120 and output control signals pox 210 and p; x 212 to the
digital interpolator 204 and the phase interpolator 206.

[0027] The phase interpolator 206 may receive the clock signal ¢ 116 from the PLL
108 and the phase interpolator control signal po x and generate a phase shifted clock signal
(¢) 118 based thereon. In some examples, the phase interpolator 206 may be circuit that

may adjust the phase of an input clock signal.

[0028] The ADC 202 may receive the continuous-time signal x(t) 112 and the phase
shifted clock signal (¢) 118. The ADC 202 may sample and quantize the continuous-
time signal x(t) 112 at intervals based on the phase shifted clock signal (¢) 118 to produce
a digitized sequence of samples Xapc 214.

[0029] The digital interpolator 204 may receive the digitized sequence of
samples xapc 214 and the digital interpolator control signal pix 212. The digital
interpolator 204 may perform digital interpolation of the digitized sequence of
samples xapc 214 based on the digital interpolator control signal p;x 212 to generate the
phase shifted sample sequence xx 114. In some examples, the digital interpolator 206

may be a circuit that may phase shift samples digitally.

[0030] As mentioned above, the timing control circuit 208 may control the phase

interpolator 206 to step the sampling clock of the ADC (e.g. the phase shifted clock
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signal (¢) 118) to the phase control value 120 (e.g. over multiple samples) while
controlling the digital interpolator 204 to digitally interpolate the digitized sequence of
samples xapc 214 output by the ADC to recover for the remaining phase difference
between the phase step size and the phase control value 120. As mentioned above, the
phase shifted clock signal (¢) 118 may be changed in increments of the phase step size
because there may be a maximum phase change that can be applied to the phase
interpolator 206 without causing timing issues in the logic of the digital receiver 106. In
some such examples, the phase step size may be any value greater than zero (0) and less
than or equal to the maximum phase change that can be applied by the phase interpolator
206 without causing timing issues in the logic of the digital receiver.

[0031] In addition, in some examples, the timing control circuit 208 may compensate
for a latency (D) between when the phase interpolator control signal pox is changed and
when the change is reflected in the digitized sequence of samples Xapc 214.
Specifically, the generation of the digital interpolator control signal pix 212 may
compensate for the latency (D). In particular, because the digital interpolator control
signal p1x may change the phase of the phase shifted sample sequence xx 114 without
delay, the timing control circuit 208 may generate the digital interpolator control signal
p1k such that the effect of the latency in the effect of the phase interpolator control signal
Pokis eliminated. An example of the operation of the timing control module in such an

embodiment is illustrated in FIG. 3.

[0032] FIG. 3 illustrates example operations of a timing control circuit 208 during a
timing recovery process, in accordance with certain embodiments of the present
disclosure. In particular, FIG. 3 illustrates a timing chart of the values of the input to the
timing control circuit 208, specifically the phase control value 120, and the outputs of the
timing control circuit 208, namely control signals pox 210 and pix 212. In some
examples according to FIG. 3, the phase control may be assumed to specify the desired
sampling phase which may maximize the signal folding at the sampling rate. The phase
that provides the maximum signal folding may be the best phase for sampling. In other
words, optimal samples may be provided when pox 210 is equal to the phase control

value 120. However, due to latency in the ADC and the limit on the maximum change
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of the phase interpolator control signal pox 210 without causing errors in the digital logic,
systems may not be able to immediately change pox 210 to the phase control value. In
such situations, some examples according to FIG. 3 may step the phase interpolator
control signal pox 210 to the phase control value 120 over multiple cycles and may utilize
the digital interpolator to digitally interpolate samples to the phase of the phase control
value 120 without delay.

[0033] As shown, the phase control value 120 may change from a value x to a value y
at time t;.  In the illustrated example, the phase control value 120 may change by y-X,
where (y-x) greater than the phase step size Duax 302 for the phase interpolator control
signal pox 210. Further, in the illustrated example, before time t;, pox=x and p1x=0 and,
therefore, the continuous input signal may be sampled at the phase x. At time t;, the
phase control value 120 generated by the digital receiver changes from x to y. In
response, the timing control circuit 208 may immediately change the digital interpolator
control signal p1x 212 to (y-x) and may begin slewing or stepping the phase interpolator
control signal pox 210 at the rate of Dyax 302 (e.g. the phase step size) per sample period
(T) 306. In some examples, each sample period may correspond to a clock cycle of
phase shifted clock signal (¢) 118. In other examples, the phase may be stepped on a
per period basis that may include multiple samples per period (e.g. on a per four sample
basis). In FIG. 3, two lines are shown in the pox timing diagram. In particular, the
solid line in the pox timing diagram may show the value of the phase interpolator control
signal pok 210 and the dashed line may show the effect of the phase interpolator control
signal pox 210 on the ADC output (e.g. on samples Xapc 214).  As also shown, the effect
of the phase interpolator control signal pox 210 on the samples xapc 214 is delayed by
latency (D) 304 from the time that the phase interpolator control signal pox 210 is
changed. As such, at time or sample period (t;+D), the change in the phase interpolator

control signal pox 210 may start to take effect on the samples xapc 214.

[0034] In addition, as the change in the phase interpolator control signal pox 210
starts to take effect on the samples Xapc 214 and assuming the phase control value 120
does not change, the timing control circuit 208 may begin to step the digital interpolator

control signal p1x 212 downwards to ensure that the total effective phase shift in the

-8-



phase shifted sample sequence xx 114 is equal to the phase control value 120. By time
tp, the value of the phase interpolator control signal pox 210 may equal the phase control

value 120, specifically y, and p; x 212 may equal zero.

[0035] As demonstrated by the example of FIG. 3, the timing control circuit 208 may
drive the phase interpolator control signal pox 210 and, by extension, the sampling phase
of the ADC, to the point of constructive folding as quickly as possible within the
constraints of the phase step size and any latency (D) between the application of pox 210
and its effect on the ADC output (e.g. Xapc 214). In some cases, due to the latency (D)
between the change of pok 210 and its effect on the ADC output(e.g. Xapc 214), the value
of p1k 212 may be non-zero even when changes in phase control value 120 are smaller
than Duyax. This may ensure that the change in the value of phase control value 120
may be instantaneously reflected in the value of the phase shifted sample sequence xx

generated for application to the digital receiver 106.

[0036] As illustrated by the example in FIG. 3, the timing control circuit 208 may
operate to distribute the phase control value 120, denoted by Py at time k below, between
to the two phase control signals pox and p1x. In some embodiments, Py may take on a
value in the set {0, 1,..., N-1} of phases and may wrap in value since the clock edge may
advance in time. For example, when Py = N-1 and Py.; = 0, the clock edges may be
separated by (1+1/N)T).

[0037] As mentioned above, the timing control circuit 208 may operate such that, at
each time or sample period k, the effective phase used to generate a sample (xy) is
equivalent to the phase control value (Px) and the phase of the sampling clock, as
specified by the phase interpolator control signal pox 210 to the phase interpolator, may
step to the value of the current phase control value (Py) as quickly as possible within the

phase step size Dyax 302.

[0038] Due to the latency (D) 304 between when the pox 210 is specified and when it
may be reflected in the ADC output xapc 214, and because p1x 212 may be used to
impose an immediate phase shift at the digital interpolator, the effective phase (P.f) for

a period or time k may be determined by:



Preff = (Pok-D + P1k)- (1)

where poxp IS the value of the phase interpolator control signal 210 from D sample
periods before k.  In some examples, the timing control circuit 208 may include a buffer
(such as a delay line) storing the preceding D values of the phase interpolator control
signal 210 if D is measured in sample periods or clock cycles. In other examples, the
preceding D values of the phase interpolator control signal 210 may be stored in a
memory outside of, and accessed by, the timing control module 208. As mentioned
above, the timing control module 208 may determine the phase interpolator control signal
Pok 210 and the digital interpolator control signal p;x 212 such that the effective phase
Pkert may be equal to the phase control value (Py). This relationship may be express as:

Pkeff = Pk = (Pok-D + P1k), (2

[0039] To effectuate this relationship, the timing control module 208 may determine

the digital interpolator control signal p; k as:
P1k = (Pk- Pok-D)- (3)

[0040] In some embodiments, when adjusting the value of the phase interpolator
control signal pox 210, the timing control circuit 208 may first generate an error as

follows:
ek = (Px-Po)- (4)

[0041] Next, the timing control circuit 208 may determine which direction the
adjustment to the phase interpolator control signal pox 210 should be applied to reach Py
in the shortest period of time. For example, if the number of phases is 64 (e.g. N = 64),
the phase control value 120 is 55 (e.g. Px = 55), and the phase interpolator control signal
IS 6 (e.g. pok = 6), the error in (4) may be computed as (55-6) = 49. Although the phase
interpolator control signal pox may be adjusted by 49 to reach the phase control value, it
is quicker to move the phase interpolator control signal pox by (49-64)=-15. As such,
the timing control circuit 208 may unwrap the error. If, for example, the phase control

value Py = 10 and the phase interpolator control signal pox = 63, the error ex may be
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determined as (10-63) = -53, which may in turn be unwrapped as (64-53) = 11. The
resulting unwrapped error is then saturated to the phase step size if the unwrapped error is
greater than the phase step size). The saturated unwrapped error may then be used to
adjust the phase interpolator control signal pox 210. The timing control module 208

may then compute the next value of p; x as given by (3).

[0042] FIGS. 4 and 5 illustrate an example process for the operation of the sample

circuit 104 and timing control circuit 208.

[0043] Referring to FIG. 4, a flowchart of a method of hybrid timing recovery is
shown and is generally designated 400. More particularly, flowchart 400 may be a
general flow of operations of the sample circuit 104 detailed above with respect to FIGS.
1-3.

[0044] In operation, the system may receive a phase control value at 402. For
example, the system may receive a phase control value from a digital receiver which may
represent a timing error in the samples most recently processed by the digital receiver.
At 404, the timing control circuit may determine a digital interpolation control signal
based on the phase control value and a phase interpolator control signal delayed by D
(e.g. the delay between a time at which the timing control module may output a phase
interpolator control signal and the time at which that output of the phase interpolator
control signal may affect the samples output by an ADC). At 406, the system may
generate a phase shifted clock signal based on phase interpolator control signal (due to
inherent latency of the phase interpolator and ADC blocks, may be delayed by D relative
to its current specified value) and generate ADC samples based on the phase shifted clock
signal. The digital interpolator may then perform digital interpolation on the ADC
samples based on the digital interpolation control signal at 408. Next, the timing control
circuit may update the phase interpolator control signal for the current time based on
phase step size, the current phase interpolator control signal and the phase control value
at 410. A more detailed example embodiment of the logic of the timing control circuit
is provided by FIG. 5.
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[0045] Referring to FIG. 5, a flowchart of a method of hybrid timing recovery is
shown and is generally designated 500. More particularly, flowchart 500 may be a flow

of operations of the timing control circuit as detailed above with respect to FIGS. 1-4.

[0046] At 502, the timing control circuit may determine whether the phase
interpolator control signal pox is equal to the phase control value Py. If so, the process
may continue to 504. Otherwise, the process may continue to 506. At 504, the timing
control circuit may set the value of the pyk+1 t0 (Pk- Ppok-n). The process may then return
to 502 for the next Px. At 506, the timing control circuit may determine the error value

ek as (Pk- pok) and continue to 508.

[0047] The timing control circuit may then perform error unwrapping. In particular,
at 508, the timing control circuit may determine whether the error e is greater than half
the total number of phases (e.g. ex > N/2?). If so, the process may continue to 510.
Otherwise, the process may continue to 512. At 510, the timing control circuit may set
the error ey to be (ex-N). The process may then continue to 516. At 512, the timing
control circuit may determine whether the error ey is less than half the negative of the
total number of phases (e.g. ex < -N/2?). If so, the process may continue to 514.
Otherwise, the process may continue to 516. At 514, the timing control circuit may set
the error ex to be (N+ex). The process may then continue to 516.

[0048] The timing control circuit may then perform error saturation. In particular, at
516, the timing control circuit may determine whether the error ek is greater than the
phase step size Dmax (e.9. ex >Dmax?). If so, the process may continue to 518.
Otherwise, the process may continue to 520. At 518, the timing control circuit may set
the error ey to be the phase step size Duyax.  The process may then continue to 524. At
520, the timing control circuit may determine whether the error ex is less than the
negative of the phase step size Dyax (€.9. ek < -Dmax?). I S0, the process may continue
to 522. Otherwise, the process may continue to 524. At 522, the timing control circuit
may set the error ex to be the negative of the phase step size -Dyax. The process may

then continue to 524.
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[0049] At 524, the timing control circuit may use the unwrapped and saturated error
to determine pok+1 @S Poxtex. The process may then return to 506 as discussed above.

[0050] All steps listed for the methods 400 and 500 may be applied to synchronous
timing systems. Many variations would be apparent in view of this disclosure.
Components and circuits used to perform the operations in the method may be discrete,
integrated into a system on chip (SOC), or other circuits. Further, the steps can be
carried out in a processor (e.g. a digital signal processor), implemented in software,

implemented via firmware, or by other means.

[0051] Referring to FIG. 6, a block diagram of a system including hybrid timing
recovery is shown and generally designated 600. The system 600 can be an example of
a data storage device (DSD), and may be an example implementation of system 100.
The DSD 616 can optionally connect to and be removable from a host device 614, which
can be a device or system having stored data, such as a desktop computer, a laptop
computer, a server, a digital video recorder, a photocopier, a telephone, a music player,
other electronic devices or systems not listed, or any combination thereof. The data
storage device 616 can communicate with the host device 614 via the hardware/firmware
based host interface circuit 612 that may include a connector (not shown) that allows the
DSD 616 to be physically connected and disconnected from the host 614.

[0052] The DSD 616 can include a system processor 602, which may be a
programmable controller, and associated memory 604. The system processor 602 may
be part of a system on chip (SOC). A buffer 606 may temporarily store data during read
and write operations and can include a command queue. The read/write (R/W) channel
610 can encode data during write operations to, and reconstruct data during read
operations from, the data storage medium 608. The data storage medium 608 is shown
and described as a hard disc drive, but may be other types of magnetic medium, such as a

flash medium, optical medium, or other medium, or any combination thereof.

[0053] The R/W channel 610 may receive data from more than one data storage
medium at a time, and in some embodiments can also receive multiple data signals

concurrently, such as from more than one output of a read head. For example, storage
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systems having two-dimensional magnetic recording (TDMR) systems can have multiple
reading or recording elements, and can read from two tracks simultaneously or nearly
simultaneously. Multi-dimensional recording (MDR) systems can receive two or more
inputs from multiple sources (e.g. recording heads, flash memory, optical memory, and
so forth). The R/W channel 610 can combine multiple inputs and provide a single

output, as described in examples herein.

[0054] The block 618 can implement all of or part of the systems and functionality of
systems and methods 100-500. In some embodiments, the block 618 may be a separate
circuit, integrated into the R/W channel 610, included in a system on chip, firmware,

software, or any combination thereof.

[0055] The illustrations, examples, and embodiments described herein are intended to
provide a general understanding of the structure of various embodiments. The
illustrations are not intended to serve as a complete description of all of the elements and
features of apparatus and systems that utilize the structures or methods described herein.
Many other embodiments may be apparent to those of skill in the art upon reviewing the
disclosure. Other embodiments may be utilized and derived from the disclosure, such
that structural and logical substitutions and changes may be made without departing from
the scope of the disclosure. For example, the figures and above description provide
examples of architecture that may be varied, such as for design requirements of a system.
Moreover, although specific embodiments have been illustrated and described herein, it
should be appreciated that any subsequent arrangement designed to achieve the same or

similar purpose may be substituted for the specific embodiments shown.

[0056] This disclosure is intended to cover any and all subsequent adaptations or
variations of various embodiments. Combinations of the above examples, and other
embodiments not specifically described herein, will be apparent to those of skill in the art
upon reviewing the description. Additionally, the illustrations are merely
representational and may not be drawn to scale. Certain proportions within the
illustrations may be exaggerated, while other proportions may be reduced. Accordingly,

the disclosure and the figures are to be regarded as illustrative and not restrictive.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:
a circuit configured to:
receive a first phase control value of a phase control value signal;
generate a first phase interpolator control signal value of a phase interpolator
control signal;
generate a first digital interpolator control signal value of a digital interpolator
control signal,
phase interpolate a clock signal based on the first phase interpolator control signal
value to produce a phase shifted clock signal; and
digitally interpolate a digital sample based on the first digital interpolator signal
value to produce a phase shifted digital sample having an effective phase
based on the first phase control value, the digital sample generated using

the phase shifted clock signal as a sample clock.

2. The apparatus of claim 1, further comprising the circuit further including an
analog-to-digital converter (ADC) and the ADC being configured to sample an input
signal based on the phase shifted clock signal to produce digital samples including the
digital sample.

3. The apparatus of claim 2, further comprising the circuit further configured to
perform the generation of the phase interpolator control signal by stepping the phase
interpolator control signal on a per period basis toward the current value of the phase

control value signal for a current sample period.
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4. The apparatus of claim 3, further comprising the circuit further configured to
perform the stepping of the phase interpolator control signal toward the current phase
control value by:
determining a difference between a current value of the phase interpolator control
signal and the current phase control value;
performing error unwrapping on the difference to produce an unwrapped
difference; and
performing error saturation on the unwrapped difference based on a phase step
size to produce an unwrapped saturated difference; and
updating the current value of the phase interpolator control signal based on the
unwrapped saturated difference and the current value of the phase

interpolator control signal.

5. The apparatus of claim 3, further comprising:

a phase interpolator that performs the phase interpolation of the clock signal based
on the phase interpolator control signal to produce the phase shifted clock
signal,

the first phase interpolator control value being generated based on a second phase
control value received in a first sample period a delay period before a

second sample period in which the first phase control value was received.

6. The apparatus of claim 3 further comprising:

a buffer that buffers phase interpolator control signal values for at least a delay
period;

a digital interpolator that performs the digital interpolation of digital samples
generated by the ADC based on the digital interpolator signal to produce
phase shifted digital samples, the digital interpolator signal being
generated based on a difference of a current phase control value and a
phase interpolator control signal value generated in a sample period a

delay period before a first current sample period.
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7. The apparatus of claim 6, further comprising a digital receiver that processes the
phase shifted digital samples, a logic of the digital receiver being clocked based on the

phase shifted clock signal.

8. The apparatus of claim 1, further comprising the digital receiver being one of a

decoder, a filter or a detector.

9. The apparatus of claim 1, further comprising the digital receiver further

configured to generate the phase control signal.

10. A system comprising:
a timing control circuit configured to:
receive a first phase control value of a phase control signal,
generate a phase interpolator control signal based on the phase control
signal,
generate a first digital interpolator control signal value of a digital
interpolator control signal based on the phase control signal;
a phase interpolator that phase interpolates a clock signal based on the phase
interpolator control signal to produce a phase shifted clock signal; and
a digital interpolator that digitally interpolates digital samples based on the digital
interpolator signal to produce phase shifted digital samples; a first digital
sample of the digital samples being interpolated based on a first digital
interpolator control value of the digital interpolator control signal to
produce a first phase shifted digital sample having an effective phase
based on the first phase control value, the digital samples being generated
using the phase shifted clock signal as a sample clock.

11.  The system of claim 10 further comprising:
an analog-to-digital converter (ADC) configured to sample an input signal based

on the phase shifted clock signal to produce the digital samples.
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12.  The system of claim 11 further comprising the timing control circuit further
configured to:
perform the generation of the phase interpolator control signal by stepping the
phase interpolator control signal on a per period basis toward the current

value of the phase control value signal for a current sample period.

13.  The system of claim 12 further comprising the timing control circuit further
configured to perform the stepping of the phase interpolator control signal toward the
current phase control value by:
determining a difference between a current value of the phase interpolator control
signal and the current phase control value;
performing error unwrapping on the difference to produce an unwrapped
difference;
performing error saturation on the unwrapped difference based on a phase step
size to produce an unwrapped saturated difference; and
updating the current value of the phase interpolator control signal based on the
unwrapped saturated difference and the current value of the phase

interpolator control signal.

14.  The system of claim 12 further comprising:

a first phase interpolator control value being generated based on a second phase
control value received in a first sample period a delay period before a
second sample period in which the first phase control value was received;
and

the first digital sample being generated using the phase shifted clock signal as
phase interpolated using the first phase interpolator control value as a

sample clock.
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15.  The system of claim 12 further comprising:
a buffer that buffers values of the phase interpolator control signal for at least a
delay period; and
the digital interpolator signal being generated based on a difference of a current
phase control value and a phase interpolator control signal value
generated the delay period before a current sample period.

16.  The system of claim 10 further comprising a digital receiver that processes the
phase shifted digital samples, a logic of the digital receiver being clocked based on the
phase shifted clock signal and the digital receiver being configured to generate the phase

control signal.

17. A method comprising:

receiving, by a timing control circuit, a first phase control value of a phase control
value signal,

generating, by the timing control circuit, a first phase interpolator control signal
value of a phase interpolator control signal,

generating, by the timing control circuit, a first digital interpolator control signal
value of a digital interpolator control signal;

phase interpolating a clock signal based on the first phase interpolator control
signal value to produce a phase shifted clock signal; and

digitally interpolating a digital sample based on the first digital interpolator signal
to produce a phase shifted digital sample having an effective phase based
on the first phase control value, the digital sample generated using the

phase shifted clock signal as a sample clock.
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18.  The method of claim 17 further comprising
performing the generation of the phase interpolator control signal by stepping the

phase interpolator control signal on a per period basis toward the current

value of the phase control value signal for a current sample period by:

determining a difference between a current value of the phase interpolator
control signal and the current phase control value;

performing error unwrapping on the difference to produce an unwrapped
difference;

performing error saturation on the unwrapped difference to produce a
unwrapped saturated difference; and

updating the current value of the phase interpolator control signal based on
the unwrapped saturated difference and the current value of the

phase interpolator control signal.

19.  The method of claim 18 further comprising generating the first phase interpolator
control value based on a second phase control value received in a sample period a delay

period before the first phase control value.

20.  The method of claim 19 further comprising generating the digital interpolator
signal based on a difference of the first phase control value and the first phase

interpolator control signal value.
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