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DIGITAL PHASE-LOCKED LOOP AND
METHOD OF OPERATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of Korean Patent
Application No. 10-2014-0172388, filed on Dec. 3, 2014, in
the Korean Intellectual Property Office, the disclosure of
which is incorporated herein in its entirety by reference.

BACKGROUND

[0002] Example embodiments of the inventive concepts
relate to a digital phase-locked loop (DPLL). For example, at
least some example embodiments relate to a DPLL having
improved signal characteristics and/or a method of operating
the same.

[0003] A phase-locked loop (PLL) may be a control circuit
configured to generate an output clock signal having a phase
related to a phase of an input clock signal. The output clock
signal generated by the PLL may be a system clock signal
used for various digital products. A digital PLL (DPLL) that
is based on digital control may be used as an example of the
PLL. Performance of the DPLL may be degraded due to a
noise of the output signal.

SUMMARY

[0004] Example embodiments of the inventive concepts
provide a digital phase-locked loop (DPLL), which may
improve characteristics of an output signal, and a method of
operating the same.

[0005] According to an example embodiment of the inven-
tive concepts, a DPLL may include a first tracking unit con-
figured to receive a reference signal and a feedback signal
generated by feeding back an output signal of the DPLL, and
to output a delayed reference signal by tracking the feedback
signal, and a second tracking unit configured to receive the
delayed reference signal and a delayed feedback signal gen-
erated by delaying the feedback signal, and to generate the
output signal of the DPLL, wherein a frequency of the output
signal of the DPLL is controlled according to a phase differ-
ence between the delayed feedback signal and the delayed
reference signal.

[0006] The first tracking unit may include a first bangbang
phase detector (BBPD) configured to detect a phase differ-
ence between the reference signal and the feedback signal,
and a first delay-controlled delay line (DCDL) configured to
generate the delayed reference signal by delaying the refer-
ence signal, based on the phase difference detected by the first
BBPD.

[0007] The first tracking unit may further include an accu-
mulation circuit configured to receive a detection signal from
the first BBPD, and provide a control signal for delaying the
reference signal to the first DCDL in response to the detection
signal.

[0008] The second tracking unit may include a second
BBPD configured to detect a phase difference between the
delayed feedback signal and the delayed reference signal, and
adigitally controlled oscillator (DCO) configured to generate
the output signal of which the frequency is controlled, based
on the phase difference detected by the second BBPD.
[0009] The second tracking unit may further include a sec-
ond DCDL configured to generate the delayed feedback sig-
nal by delaying the feedback signal.
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[0010] The second tracking unit may further include a digi-
tal loop filter (DLF) configured to receive a detection signal
from the second BBPD and provide a control signal for con-
trolling the frequency of the output signal to the DCO in
response to the detection signal.

[0011] The DPLL may further include a main divider con-
figured to generate the feedback signal by dividing the output
signal of the DPLL.

[0012] The DPLL may further include a lock detector con-
figured to detect whether the DPLL is in a lock state and
generate a lock detection signal, and an automatic frequency
control (AFC) circuit configured to control the frequency of
the output signal based on a phase difference between the
reference signal and the feedback signal.

[0013] The lock detection signal may be provided to the
first tracking unit, and the first tracking unit may perform a
tracking operation when the DPLL is in the lock state.
[0014] The delayed reference signal output by the first
tracking unit has a constant delay amount with respect to the
reference signal when the DPLL is in a unlock state. The
delayed reference signal output by the first tracking unit has a
variable delay amount with respect to the reference signal
based on a tracking result when the DPLL is in a lock state.
[0015] According to another example embodiment of the
inventive concepts, a DPLL may include: a feed-forward
delay-locked part (FFDLP) configured to receive a reference
signal and a feedback signal by feeding back an output signal
of'the DPLL, and to output a delayed reference signal, and a
phase-locked part (PLP) configured to receive the delayed
reference signal and a delayed feedback signal generated by
delaying the feedback signal, and to generate the output sig-
nal of the DPLL. The FFDLP is enabled when the DPLL is in
a lock state, and provides the delayed reference signal by
tracking the feedback signal to an input of the PLP.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Example embodiments of the inventive concepts
will be more clearly understood from the following detailed
description taken in conjunction with the accompanying
drawings in which:

[0017] FIG. 1 is a block diagram of a digital phase-locked
loop (DPLL) according to an example embodiment of the
inventive concepts;

[0018] FIG. 2 is a block diagram of a DPLL according to
another example embodiment of the inventive concepts;
[0019] FIG. 3 is a detailed block diagram of a DPLL
according to an example embodiment of the inventive con-
cepts;

[0020] FIGS. 4 and 5 are waveform diagrams of various
signals shown in FIG. 3, according to example embodiment
of the inventive concepts;

[0021] FIG. 6 is a waveform diagram showing an example
in which an input tracking jitter is reduced according to an
example embodiment of the inventive concepts;

[0022] FIG.7is ablock diagram of'a delay-controlled delay
line (DCDL) of FIG. 3, according to an example embodiment
of the inventive concepts;

[0023] FIG. 8 is a diagram showing an example in which an
input tracking jitter is reduced due to the DCDL of FIG. 7;
[0024] FIG. 9 shows equations indicating operating char-
acteristics of a DPLL to which a secondary sigma modulation
is applied, according to an example embodiment of the inven-
tive concepts;
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[0025] FIG. 10 is a flowchart of a method of operating a
DPLL according to an example embodiment of the inventive
concepts;

[0026] FIG. 11 is a flowchart of a method of operating a
DPLL according to another example embodiment of the
inventive concepts;

[0027] FIG. 12 is a block diagram of a system-on chip
(SoC) including a DPLL according to an example embodi-
ment of the inventive concepts;

[0028] FIG. 13 is a block diagram of an SoC including a
DPLL according to another example embodiment of the
inventive concepts; and

[0029] FIG. 14 is a block diagram of an electronic device
including a DPLL according to an example embodiment of
the inventive concepts.

DETAILED DESCRIPTION

[0030] Example embodiments of the inventive concepts
will now be described more fully hereinafter with reference to
the accompanying drawings, in which some example
embodiments of the inventive concepts are shown. These
example embodiments are provided so that this disclosure is
thorough and complete and fully conveys the scope of the
example embodiments of the inventive concepts to one
skilled in the art. Accordingly, while example embodiments
of'the inventive concepts can be modified in various ways and
take on various alternative forms, specific embodiments
thereof are shown in the drawings and described in detail
below as examples. There is no intent to limit example
embodiments of the inventive concepts to the particular forms
disclosed. On the contrary, example embodiments of the
inventive concepts are to cover all modifications, equivalents,
and alternatives falling within the spirit and scope of the
appended claims. Like reference numerals refer to like ele-
ments throughout. In the drawings, the thicknesses of layers
and regions may be exaggerated for clarity.

[0031] The terminology used herein is for the purpose of
describing particular example embodiments only and is not
intended to be limiting of example embodiments of the inven-
tive concepts. As used herein, the singular forms “a”, “an” and
“the” are intended to include the plural forms as well, unless
the context clearly indicates otherwise. It will be further
understood that the terms “comprises”, “comprising,”,
“includes” and/or “including”, when used herein, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.
[0032] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless explicitly so defined herein.

[0033] As used herein, the term “and/or” includes any and
all combinations of one or more of the associated listed items.
[0034] FIG. 1 is a block diagram of a digital phase-locked
loop (DPLL) 100 according to an example embodiment of the
inventive concepts.

[0035] As shownin FIG. 1, the DPLL 100 according to the
example embodiment of the inventive concepts may include
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at least two tracking units, for example, a first tracking unit
110 and a second tracking unit 120. Each of the first and
second tracking units 110 may receive two input signals,
compare phases and/or frequencies of the two input signals,
and generate an output signal tracked to at least one of the two
input signals.

[0036] The first tracking unit 110 may include a first phase
detector 111 and a delay-controlled delay line (DCDL) 112.
Also, the second tracking unit 120 may include a second
phase detector 121 and a digitally controlled oscillator (DCO)
122. Although FIG. 1 illustrates only some elements of the
DPLL 100, various other function blocks of the DPLL 100
may be further illustrated in FIG. 1.

[0037] Meanwhile, FIG. 1 illustrates an example in which a
bangbang phase detector (BBPD) is applied as the first phase
detector 111 and the second phase detector 121, but example
embodiments of the inventive concepts are not limited
thereto. In another case, each of the first phase detector 111
and the second phase detector 121 may be referred to as a
bangbang phase-frequency detector (BBPFD) and described
as being configured to detect a phase and/or a frequency.
[0038] Each of the first tracking unit 110 and the second
tracking unit 120 may receive two input clock signals, detect
a phase difference between the two input clock signals, and
control an output signal based on a detection result (or
depending on which of the two input clock signals has a phase
that leads a phase of the other input clock signal).

[0039] The first tracking unit 110 may receive a reference
clock signal (hereinafter, referred to as a reference signal)
FREF and a feedback output clock signal (hereinafter,
referred to as a feedback signal) FEED, which is generated by
feeding back an output signal of the DPLL 100, and detect a
phase difference between the reference signal FREF and the
feedback signal FEED. The first tracking unit 110 may delay
the reference signal FREF and output the delayed signal
based onadetection result. For example, the first tracking unit
110 may delay the reference signal FREF, generate a delayed
reference signal FREF_DLY that is tracked to the feedback
signal FEED, and provide the delayed reference signal
FREF_DLY to the second tracking unit 120.

[0040] The first phase detector 111 may compare a phase
and/or frequency of the reference signal FREF with a phase
and/or frequency of the feedback signal FEED and generate a
comparison result. Hereinafter, it will be assumed that each of
the first and second phase detectors 111 and 121 of FIG. 1
compares phases of input signals. The DCDL 112 may per-
form a signal delay operation in response to a control signal
(not shown) based on a detection result of the first phase
detector 111. For example as described above, the DCDL 112
may delay the reference signal FREF and generate a delayed
reference signal FREF_DLY.

[0041] Meanwhile, the second tracking unit 120 may
receive a delayed reference signal FREF_DLY and a delayed
feedback signal FEED_DLY and detect a phase difference
between the delayed reference signal FREF_DLY and the
delayed feedback signal FEED_DLY. Although FIG. 1 illus-
trates the delayed feedback signal FEED_DLY is being trans-
mitted from the first tracking unit 110 to the second tracking
unit 120, example embodiments are not limited thereto. For
example, a signal generated by dividing and delaying the
output signal of the DCO 122 may be directly provided as the
delayed feedback signal FEED_DLY to the second tracking
unit 120. The second tracking unit 120 may control and out-
put a phase and/or frequency of the output signal FDCO ofthe
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DPLL 100 based on a result of detection of the phase differ-
ence. The output signal FDCO may be tracked to the delayed
reference signal FREF_DLY.

[0042] The second phase detector 121 may compare a
phase of the delayed feedback signal FEED_DLY with a
phase of the delayed reference signal FREF_DLY and gen-
erate a comparison result. The DCO 122 may generate an
output signal FDCO of which a phase and/or a frequency is
controlled, in response to a control signal (not shown) that is
based on a detection result of the second phase detector 121.
[0043] According to the DPLL 100 shown in FIG. 1, even if
a BBPD having a non-linear characteristic is applied as a
phase detector, an in-band noise of the DPLL 100 may be
efficiently reduced. For example, conventionally, when the
output signal FDCO is controlled according to a phase dif-
ference between the reference signal FREF and the feedback
signal FEED, and a relatively large and fast jitter occurs in the
output signal FDCO in the DPLL 100 to which the BBPD is
applied, a tracking jitter to which the reference signal FREF
cannot be tracked to the output signal FDCO may be gener-
ated.

[0044] In contrast, in the DPLL 100 according to one or
more example embodiments, the delayed reference signal
FREF_DLY, which is tracked to the output signal FDCO
including the jitter, may be generated due to a delay operation
of'the DCDL 112 that is based on the jitter in the output signal
FDCO. Also, since the frequency and/or phase of the output
signal FDCO is controlled based on a result of tracking of the
delayed reference signal FREF_DLY, a phase noise of the
output signal FDCO of the DPLL 100 may be reduced.
[0045] Furthermore, the DPLL 100 according to example
embodiments of the inventive concepts may improve charac-
teristics of the output signal FDCO without high power/volt-
age consumption, and maintain high stability.

[0046] FIG.2 is a block diagram of'a DPLL 200 according
to other example embodiments of the inventive concepts.
[0047] As shown in FIG. 2, the DPLL 200 may include at
least two tracking units, for example, a first tracking unit 210
and a second tracking unit 220. The DPLL 200 may further
include a divider 230 that may divide an output signal FDCO
of'the DPLL 200 and transmit the divided signal as a feedback
signal FEED.

[0048] The first tracking unit 210 may include a first phase
detector 211, an accumulation circuit 212, and a first delay-
controlled delay line (DCDL) 213.

[0049] The second tracking unit 220 may include a second
phase detector 221, a second DCDL 222, a digital loop filter
(DLF) 223, and a digitally controlled oscillator (DCO) 224.
Also, FIG. 2 illustrates an example in which a BBPD is
applied as each of the first and second phase detectors 211 and
221, but example embodiments of the inventive concepts are
not limited thereto. As described above, the BBPD may be
referred to as a BBPFD. Also, the accumulation circuit 212 of
FIG. 2 may be one of various kinds of circuits configured to
generate a result signal based on an accumulation operation
on input signals. For example, the accumulation circuit 212
may be the same as or similar to the DLF 223 included in the
second tracking unit 220.

[0050] Furthermore, each of the first tracking unit 210 and
the second tracking unit 220 may detect a difference (delta, A)
between two input signals to detect which one of the two input
signals has a phase that leads or lags behind a phase of the
other input signal, and perform an accumulation (sigma, X)
operation on a detection result. Thus, each of the first tracking
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unit 210 and the second tracking unit 220 may be assumed to
perform a delta-sigma modulation function. Also, the DPLL
200 according to example embodiments may be assumed to
be a secondary sigma loop in which each of the first tracking
unit 210 and the second tracking unit 220 performs a sigma
operation.

[0051] The first phase detector 211 may receive a reference
signal FREF and the feedback signal FEED, which is gener-
ated by dividing the output signal FDCO, and generate a first
detection signal UP1 based on a phase detection result. The
accumulation circuit 212 may generate a first control signal
DCWT1 for controlling a delay amount of the first DCDL. 213
in response to the first detection signal UP1. The first DCDL
213 may delay the reference signal FREF and generate and
output a delayed reference signal FREF_DLY according to a
value (e.g., digital value) of the first control signal DCW1.
The feedback signal FEED may include a jitter caused to the
output signal FDCO, and the delayed reference signal FREF_
DLY may be tracked to the feedback signal FEED including
the jitter.

[0052] The delayed reference signal FREF_DLY may be
transmitted from the first tracking unit 210 to a reference
input terminal of the second tracking unit 220. Thus, the
second tracking unit 220 may perform a tracking operation
using the delayed reference signal FREF_DLY. The second
DCDL 222 may receive the feedback signal FEED, delay the
feedback signal FEED, and generate a delayed feedback sig-
nal FEED_DLY. The second phase detector 211 may receive
the delayed reference signal FREF_DLY and the delayed
feedback signal FEED_DLY, and generate a second detection
signal UP2 based on a phase detection result. While FIG. 2
illustrates that the second DCDL 222 is included in the second
tracing unit 220, in other example embodiments, the second
DCDL 222 may be included in the first tracking unit 210 or
included outside the first tracking unit 210 and the second
tracking unit 220.

[0053] The DLF 223 may generate a second control signal
DCW?2 in response to the second detection signal UP2, and
the DCO 224 may generate an output signal FDCO, a phase
and/or frequency of which is controlled in response to the
second control signal DCW2. When a phase difference
between the delayed feedback signal FEED_DLY, which is
caused by the output signal FDCO, and the delayed reference
signal FREF_DLY satisfies a desired (or, alternatively, a pre-
determined) allowable error, a frequency of the output signal
FDCO may be fixed.

[0054] According to the above-described example embodi-
ment, the first DCDL 112 may generate a delayed reference
signal FREF_DLY, which fluctuates with a jitter in the feed-
back signal FEED. Thus, a value IFREF_DLY-FEED_DLY],
which corresponds to an input tracking jitter due to the two
input signals of the second tracking unit 220, may be reduced
based on a resolution of the first DCDL 112. Thus, a phase
noise of the DPLL 200 may be reduced.

[0055] FIG. 3 is a detailed block diagram of a DPLL 300
according to an example embodiment of the inventive con-
cepts. FIGS. 4 and 5 are waveform diagrams of various sig-
nals shown in FIG. 3, according to example embodiments of
the inventive concepts.

[0056] Referring to FIG. 3, as in the above-described
example embodiment, since a secondary sigma loop is
applied to the DPLL 300, the DPLL 300 may include at least
two tracking units.
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[0057] Forexample, a front-end loop 310 may be defined as
a feed-forward delay-locked part (FFDLP), and a rear-end
loop 320 may be defined as a phase-locked part (PLP). Also,
internal elements of the FFDLP and the PLP are not limited to
the illustrated example embodiment but may be variously
designed and modified. For example, the second DCDL 322
shown in FIG. 3 may be included in the FFDLP or included
outside the FFDLP and the PLP.

[0058] The DPLL 300 may include the FFDLP 310, a
phase-locked part (PLP) 320, a pre-divider 330, a lock detec-
tor 340, and an automatic frequency control (AFC) circuit
350. Also, the FFDLP 310 may include a first bangbang phase
detector (BBPD) 311, which is a phase detector, an accumu-
lation circuit 312, and a first delay-controlled delay line
(DCDL) 313. Also, the PL.P 320 may include a second BBPD
321, a second DCDL 322, a digital loop filter (DLF) 323, and
a digitally controlled oscillator (DCO) 324. Also, the PLP 320
may further include a post-divider 325 and a main divider
326.

[0059] Each of the first BBPD 311 and the second BBPD
321 may detect a phase difference between two input signals,
and output a detection signal based on a detection result. Each
of'the first BBPD 311 and the second BBPD 321 may output
a different detection signals depending on a late state or an
early state. An input clock signal FIN may be transmitted
through the pre-divider 330 and applied as a reference signal
FREF to the first BBPD 311. Also, an output signal FDCO
may be transmitted through the main divider 326 and applied
as a feedback signal FEED to the first BBPD 311.

[0060] The first BBPD 311 may compare a phase of the
reference signal FREF with a phase of the feedback signal
FEED and output a first detection signal UP1 based on a
comparison result.

[0061] Referring to FIGS. 3 and 4, when a phase of the
reference signal FREF leads a phase of the feedback signal
FEED in each of comparison time points CP1 to CP4, a first
detection signal UP1 having a high level H (or a late state
Late) may be output. In contrast, when the phase of the
reference signal FREF lags behind the phase of the feedback
signal FEED, a first detection signal UP1 having a low level L.
(an early state Early) may be output. The accumulation circuit
312 may output a first control signal DCW1 to the first DCDL
313 in response to the first detection signal UP1. The first
DCDL 313 may receive a reference signal FREF, and output
a delayed reference signal FREF_DLY of which a delay
amount is controlled, in response to the first control signal
DCW1.

[0062] Similarly, the second BBPD 321 may output a sec-
ond detection signal UP2 corresponding to a phase difference
between the delayed reference signal FREF_DLY and the
delayed feedback signal FEED_DLY. For example, in a late
state, the second BBPD 321 may output a second detection
signal UP2 having a high level H to increase a frequency of
the output signal FDCO. In an early state, the second BBPD
321 may output a second detection signal UP2 having a low
level L to reduce a frequency of the output signal FDCO. The
DLF 323 may transmit a second control signal DCW2 to the
DCO 324 in response to the second detection signal UP2. The
output signal FDCO generated by the DCO 324 may be
externally provided through the post-divider 325 or provided
as the feedback signal FEED through the main divider 326.
[0063] Each of the first DCDL 313 and the second DCDL
322 may control a delay amount in response to a control
signal. In this case, each of the first DCDL 313 and the second
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DCDL 322 may operate in an enable mode or a disable mode.
The delay amount may be controlled in the response to the
control signal in the enable mode, and an input signal may be
delayed by as much as a desired (or, alternatively, a predeter-
mined) delay amount in the disable mode. In an example
embodiment, the first DCDL 313 may operate in response to
an enable signal DCDL_EN and/or a lock detection signal
LD_OUT, and a delay amount may be controlled in response
to the first control signal DCW1. Also, the second DCDL 322
may delay the feedback signal FEED by as much as a desired
(or, alternatively, a predetermined) delay amount in response
to a control signal IDCW1Imax/2 having a fixed value.
[0064] Meanwhile, the lock detector 340 may determine
whether the DPLL 300 is in a lock state and output a lock
detection signal LD_OUT based on a determination result.
Thelock detector 340 may receive the second detection signal
UP2 and the feedback signal FEED, and determine whether
the DPLL 300 is in the lock state based on a result of detection
of the second detection signal UP2 and the feedback signal
FEED. The lock detector 340 may determine the lock state in
various manners. For example, the second BBPD 321 may
output a second detection signal UP2, which is maintained at
ahigh level or a low level, in an unlock state, while the second
BBPD 321 may output a second detection signal UP2, which
toggles between the high level and the low level, in the lock
state. Thus, the lock detector 340 may determine the lock state
by monitoring the second detection signal UP2. Alternatively,
the lock detector 340 may determine the lock state by moni-
toring a frequency variation state of the feedback signal
FEED.

[0065] As described above, the enabling of the first DCDL
313 may be controlled in response to a lock detection signal
LD_OUT. For example, the first DCDL 313 may be selec-
tively enabled in a lock state of the DPLL 300.

[0066] Meanwhile, the AFC circuit 350 may be enabled in
an operation initial period (e.g., an AFC mode) of the DPLL
300. In the AFC mode, the AFC circuit 350 may compare a
phase and/or frequency of the reference signal FREF with a
phase and/or frequency of the feedback signal FEED, gener-
ate a control code AFC_CODE based on a comparison result,
and provide the control code AFC_CODE to the DCO 324.
The control code AFC_CODE may be a digital code for
tuning, controlling, or compensating a frequency of an output
signal FDCO of the DCO 324. Due to the AFC mode, the
DCO 324 may be controlled to operate in a frequency near to
a target frequency.

[0067] Meanwhile, in the AFC mode, at least some of com-
ponents other than the AFC circuit 350 may be disabled. For
example, at least some of elements included in the FFDLP
310 and at least some of elements included in the PLP 320
may be disabled.

[0068] After the AFC mode is ended, the DPLL 300 may
operate in a normal mode. A frequency of the output signal
FDCO of the DCO 324 may be finely controlled due to an
operation of the PLP 320. In the normal mode, the DPLL 300
may enter a lock state. In the lock state, the FFDLP 310 may
be enabled and perform an operation of generating a delayed
reference signal FREF_DLY, which is tracked to the feedback
signal FEED. As in the above-described embodiment, the
output signal FDCO output in the lock state may include a
jitter. According to the present example embodiment, a phase
detection operation may be performed on the delayed refer-
ence signal FREF_DLY, which is tracked to the output signal
FDCO including a jitter, and a frequency and/or a phase of the
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output signal FDCO is controlled based on a result of the
phase detection. Therefore, phase noise of the output signal
FDCO may be reduced.

[0069] Referring to FIG. 5, a signal waveform relative to
the operation of the FFDLP 310 will be described with refer-
ence to FI1G. 5.

[0070] As shown in FIG. 5, the reference signal FREF and
the feedback signal FEED may have about the same fre-
quency, and the feedback signal FEED may include a jitter.
Due to a tracking operation of the FFDLP 310, the delayed
reference signal FREF_DLY may fluctuate in the same way
as or a similar way to thejitter included in the feedback signal
FEED. Also, the delayed feedback signal FEED_DLY gen-
erated by delaying the feedback signal FEED may fluctuate in
the same way as or a similar way to the jitter included in the
feedback signal FEED. Thus, a value IFREF_DLY-FEED_
DLY| corresponding to an input tracking jitter of the PLP 320
may be reduced by the resolution of a DCDL, for example, the
first DCDL 313, and a phase noise of the DPLL 300 may be
reduced.

[0071] FIG. 6 is a waveform diagram showing an example
in which an input tracking jitter is reduced, according to an
example embodiment of the inventive concepts.

[0072] As shown in FIG. 6, an input tracking jitter may
occur due to the phase noise of the output signal FDCO.
However, according to the present embodiment, a tracking
slew rate may increase due to a secondary delta-sigma modu-
lation operation. Thus, the input tracking jitter may be rapidly
reduced.

[0073] FIG. 7 is a block diagram of the DCDL 313 of FIG.
3, according to an example embodiment of the inventive
concepts, and FIG. 8 is a diagram showing an example in
which an input tracking jitter is reduced due to the DCDL 313
of FIG. 7.

[0074] Referring to FIG. 7, while FIG. 7 illustrates the first
DCDL 313, the second DCDL 322 of FIG. 3 may have the
same configuration as or a similar configuration to that of
FIG. 7.

[0075] The delay-controlled delay line (DCDL) 313 may
include a binary-to-thermometer decoder (B2T decoder)
3131, a delay unit 3132 including a plurality of buffers 3242
and a multiplexer 3133. However, example embodiments of
the inventive concepts are not limited to the present example
embodiment. For example, a DCDL having various shapes, of
which a delay amount is controlled in response to a control
signal DCW1<k:1>, may be applied to a DPLL according to
an example embodiment.

[0076] The accumulation circuit 312 may output a digital
code including a plurality of bits as a first control signal
DCW1<k:1> in response to the first detection signal UP1.
The first control signal DCW1<k:1> may have a size of, for
example, k bits, and the first control signal DCW1<k:1>
having k bits may be provided to the B2T decoder 3131.
[0077] The B2T decoder 3131 may decode the first control
signal DCW1<k:1>, generate a plurality of selection signals
sel<M:1>, and provide the plurality of selection signals
sel<M:1> to the multiplexer 3133. Thus, a delay amount of a
delayed reference signal FREF_DLY may be controlled
according to the digital code used as the first control signal
DCW1<k:1>. A desired (or, alternatively, a predetermined)
clock signal CKIN may be applied to the delay unit 3132, and
respective output signals of the plurality of buffers 3242 of the
delay unit 3132 may have different phases. An output signal
CKOUT of one selected out of the plurality of buffers may be
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selected by the multiplexer 3133 in response to selection
signals sel<M:1>. In the example shown in FIG. 3, the clock
signal CKIN may correspond to a reference signal FREF, and
the output signal CKOUT may correspond to a delayed ref-
erence signal FREF_DLY.

[0078] In the embodiment shown in FIG. 7, the resolution
of'the DCDL 313 may be determined by the delay amount of
the buffer included in the delay unit 3132. To improve the
jitter tracking effect of the FFDLP 310, it may be desirable to
determine an operation range and resolution of the DCDL
313. The FFDLP 310, which is of a feed-forward type, may
not need to cover the entire periods of the reference signal
FREF and the feedback signal FEED. That is, since the
FFDLP 310 has to cover only the input tracking jitter of the
DPLL 300, only a short-term jitter of the DCO 324 may be
considered.

[0079] Referring to FIG. 8, when the main cause of the
short-term jitter is a random noise, a jitter ofeed in the feed-
back signal FEED may increase sqrt(M) times. Assuming that
a peak-to-peak jitter satisfies 6-sigma 6*ofeed, a minimum
operation range of the DCDL 313 may correspond to 6*
vM*cfdco. A loop stability condition may also be considered
to determine the resolution of the DCDL 313. Since the
FFDLP 310 functions to amplify a difterence between a ref-
erence signal FREF and a feedback signal FEED, a propor-
tional gain of the PLP 320 may need to be less than the
resolution of the DCDL 313. When the jitter tracking of the
FFDLP 310 is stabilized, a peak-to-peak input tracking jitter
may be reduced from 6-sigma 6*ofeed to 2¥*RESdcdl.

[0080] FIG. 9 shows equations indicating operating char-
acteristics of the DPLL 300 of FIG. 3 to which a secondary
sigma modulation is applied, according to an example
embodiment of the inventive concepts.

[0081] Referring to FIG. 9, when a secondary sigma modu-
lation operation is applied to the DPLL 300 according to
example embodiments, an additional pole may be generated
on a graph plotting phase noise versus offset frequency. As
can be seen from the equations of FIG. 9, the DPLL 300
according to example embodiment may have tertiary loop
characteristics. Various values caused by DPLL characteris-
tics according to the example embodiments may be obtained
from the equations of FIG. 9. For example, G0(Z) indicates a
gain of a first tracking unit 310, G(Z) indicates a gain of a
second tracking unit 320, Href(Z) indicates a transfer func-
tion of noise transmitted through a reference signal input
terminal, and Hdco(Z) indicates a transfer function of noise
caused by a DCO 324. Also, Kbbpd indicates a constant
determined by a BBPD, Kdcdl indicates a resolution of a
DCDL 313, 322, Kacc and Kdlf indicate coefficients of an
accumulation circuit 312 and a DLF 323, respectively, and
Kdco indicates a resolution of a DCO 324. Also, a constant N
indicates a frequency multiplication value of a PLL or a
frequency division ratio of a main divider 326.

[0082] AsshowninFIG. 9, since a secondary sigma loop is
applied to the DPLL according to example embodiments, the
degree of each of the transfer functions Href(Z) and Hdco(Z)
may increase. A filtering effect may be increased due to the
transfer function of which the degree is increased, thereby
effectively reducing noise. Also, in example embodiments, a
value GO(Z) may be controlled according to characteristics of
elements included in the first tracking unit 310, so noise
filtering characteristics may be variously varied.
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[0083] FIG. 10 is a flowchart of a method of operating a
DPLL according to an example embodiment of the inventive
concepts.

[0084] Referring to FIG. 10, the DPLL according to
example embodiments may include at least two tracking
units.

[0085] Inoperation S11, a first tracking unit may receive a
reference signal and a feedback signal. The reference signal
may be a signal generated using an external clock signal, and
the feedback signal may be a signal generated using an output
signal of the DPLL, namely, a signal generated by dividing
the output signal of the DPLL..

[0086] Inoperation S12, the first tracking unit may detect a
first phase difference between the reference signal and the
feedback signal, and output a first detection result based on
the first phase difference.

[0087] In operation S13, the first tracking unit may delay
the reference signal based on the first detection result, and
output the delayed reference signal. In an example, the first
tracking unit may include a DCDL, which may receive the
reference signal and control a delay amount of the reference
signal based on the first detection result.

[0088] Meanwhile, in operation S14, a second tracking unit
may receive a delayed reference signal and a delayed feed-
back signal. The delayed reference signal may be an output
signal output by the DCDL of'the first tracking unit. Also, the
delayed feedback signal may be a signal generated by delay-
ing the feedback signal. The DCDL for delaying the feedback
signal may be included in the first tracking unit or included in
the second tracking unit. Alternatively, the DCDL for delay-
ing the feedback signal may be included outside the first and
second tracking units.

[0089] In operation S15, the second tracking unit may
detect a second phase difference between the delayed refer-
ence signal and the delayed feedback signal, and output a
second detection result based on the second phase difference.
[0090] Inoperation S16, the second tracking unit may con-
trol a frequency (and/or a phase) of an output signal based on
the second detection result. The second tracking unit may
include a DCO, which may be controlled in response to a
digital signal generated by accumulating the second detection
result. A second delta-sigma modulation operation may be
performed on the first and second tracking units, so that a
phase noise of the output signal generated by the DCO may be
reduced.

[0091] FIG. 11 is a flowchart of a method of operating a
DPLL according to another example embodiment of the
inventive concepts.

[0092] An operation of the DPLL according to example
embodiments may be controlled in various modes.

[0093] In operation S21, during an initial operation of the
DPLL, the DPLL may enter an AFC mode.

[0094] In operation S22, when in the AFC mode, an AFC
circuit included in the DPLL may control a frequency of an
output signal according to a control code generated based on
a result of comparison of a phase and/or frequency of a
reference signal with a phase and/or frequency of a feedback
signal. Due to the AFC mode, a DCO included in the DPLL
may be controlled to operate in a frequency near to a target
frequency.

[0095] In operation S23, the DPLL may enter a normal
mode as the AFC mode is ended.

[0096] In operation S24, in the normal mode, the DPLL
may finely control a frequency of an output signal based on
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the result of comparison of the phase and/or frequency of the
reference signal with the phase and/or frequency of the feed-
back signal, and determine whether to enter a lock state
depending on characteristics of the output signal.

[0097] When the DPLL is not in the lock state based on the
determination result, the above-described comparison and
frequency control operations may be repeated.

[0098] Inoperation S25, as the DPLL enters the lock state,
a secondary delta-sigma modulation operation according to
an example embodiment.

[0099] Also, in operation S26, according to the above-de-
scribed example embodiment, the DPLL may generate an
output signal of which a phase noise is reduced.

[0100] FIG. 12 is a block diagram of a system-on chip
(SoC) 400 including a DPLL 420 according to an example
embodiment of the inventive concepts.

[0101] Referring to FIG. 12, the SoC 400 may include a
buffer 410, the DPLL 420, a plurality of systems 441 to 443,
and a divider 430. FIG. 12 illustrates an example in which an
all-digital PLL. (ADPLL) is applied as the DPLL 420.
[0102] The buffer 410 may buffer an output signal of a
crystal oscillator 401 included outside the SoC 400, and gen-
erate an input clock signal FIN. As in the above-described
embodiment, the DPLL 420 may detect a variation in phase of
a feedback signal, and generate an output clock signal FOUT
based on a detection result. According to the present example
embodiment, the DPLL 420 may be a DPLL to which a
secondary sigma loop is applied. Thus, a first tracking opera-
tion using a reference signal and a feedback signal and a
second tracking operation using a delayed reference signal
and a delayed feedback signal may be performed.

[0103] Each of the plurality of systems 441 to 443 may
operate in response to the output clock signal FOUT. The
divider 430 may divide the output clock signal FOUT in a
desired (or, alternatively, a predetermined) division ratio and
provide the divided output clock signal FOUT to at least one
system, for example, the system 443. Each of the systems 441
to 443 may be embodied by hardware or a circuit that may
operate by using the output clock signal FOUT or a signal
related to the output clock signal FOUT.

[0104] For example, the system 441 may be a central pro-
cessing unit (CPU), a processor, or an application processor
(AP), the system 442 may be a graphic processing unit
(GPU), and the system 443 may be a memory device or a
memory controller.

[0105] Meanwhile, each of the systems 441 to 443 may be
other devices used for the SoC 400, for example, a CPU, a
processor, each core of a multi-core processor, a memory
device, a universal serial bus (USB), a peripheral component
interconnect (PCI), a digital signal processor, a wired inter-
face, a wireless interface, a controller, embedded software, a
codec, a video module (e.g., a camera interface, a joint pho-
tographic experts group (JPEG) processor, a video processor,
or a mixer), a 3-dimensional (3D) graphic core, an audio
system, or a driver. Also, the SoC 400 may be a portion of an
access point AP or a portion of a mobile AP.

[0106] FIG. 13 is a block diagram of a SoC 500 including a
DPLL according to another exemplary embodiment of the
inventive concept.

[0107] Referring to FIG. 13, the SoC 500 of FIG. 13 may
include an oscillator 510, a DPLL 520, a plurality of systems
541 to 543, and a divider 530. A structure and function of the
SoC 500 of FIG. 13 may be substantially the same as those of
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the SoC 400 of FIG. 12 except that the oscillator 510 config-
ured to generate an input clock signal FIN is embodied in the
SoC 500.

[0108] FIG. 14 is a block diagram of an electronic device
600 including a DPLL according to an example embodiment
of the inventive concepts.

[0109] Referring to FIG. 14, the electronic device 600 may
include an ADPLL 610, an AP 620, a memory interface 630,
aconnectivity unit 640, a display controller 650, a multimedia
acceleration unit 660, and a system bus 670. The ADPLL 610
may be a PLL according to one of the above-described
example embodiments. Thus, the ADPLL 610 may be a
DPLL to which a secondary sigma loop is applied. Thus, a
first tracking operation using a reference signal and a feed-
back signal and a second tracking operation using a delayed
reference signal and a delayed feedback signal may be per-
formed.

[0110] The electronic device 600 may be one of various
systems, such as a laptop computer, a mobile phone, a smart-
phone, a tablet PC, a personal digital assistant (PDA), an
enterprise digital assistant (EDA), a digital still camera, a
digital video camera, a portable multimedia player (PMP), a
personal navigation device or portable navigation device
(PND), a handheld game console, or an electronic book
(e-book).

[0111] The AP 620 may control the memory interface 630,
the display controller 650, the connectivity 640, and the mul-
timedia acceleration unit 660 via the system bus 670. The
memory interface 630 may include an embedded memory
device and a memory controller capable of interfacing with an
external memory device. The display controller 650 may
transmit data to be displayed on a display device to the display
device. The connectivity 640 may include a general purpose
input/output (GPIO) interface, a serial peripheral interface
(SPI) bus, and/or auniversal serial bus on-the-go (USB OTG).
Also the multimedia acceleration unit 660 may include a
camera interface, a multi-format CODEC, a video pre/post
processor, and/or a JPEG.

[0112] While example embodiments of the inventive con-
cepts have been particularly shown and described with refer-
ence to some example embodiments thereof; it will be under-
stood that various changes in form and details may be made
therein without departing from the spirit and scope of the
following claims.

What is claimed is:
1. A digital phase-locked loop (DPLL) comprising:

afirst tracking unit configured to receive a reference signal
and a feedback signal generated by feeding back an
output signal of the DPLL and output a delayed refer-
ence signal by tracking the feedback signal; and

a second tracking unit configured to receive the delayed
reference signal and a delayed feedback signal gener-
ated by delaying the feedback signal, and generate the
output signal of the DPLIL, the second tracking unit
configured to control a frequency of the output signal of
the DPLL according to a phase difference between the
delayed feedback signal and the delayed reference sig-
nal.

2. The DPLL of claim 1, wherein the first tracking unit
comprises:

a first bangbang phase detector (BBPD) configured to
detect a phase difference between the reference signal
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and the feedback signal, and output a first detection
signal based on the phase difference detected by the first
BBPD; and

a first delay-controlled delay line (DCDL) configured to
generate the delayed reference signal by delaying the
reference signal, based on the phase difference detected
by the first BBPD.

3. The DPLL of claim 2, wherein the first tracking unit

further comprises:

an accumulation circuit configured to,
receive the first detection signal from the first BBPD,
generate a control signal to delay the reference signal,

and
transmit the control signal to the first DCDL in response
to the first detection signal.

4. The DPLL of claim 1, wherein the second tracking unit

comprises:

a second BBPD configured to detect a phase difference
between the delayed feedback signal and the delayed
reference signal, and output a second detection signal
based on the phase difference detected by the second
BBPD; and

a digitally controlled oscillator (DCO) configured to gen-
erate the output signal such that the frequency of the
output signal is based on the phase difference detected
by the second BBPD.

5. The DPLL of claim 4, wherein the second tracking unit

further comprises:

a second DCDL configured to generate the delayed feed-
back signal by delaying the feedback signal.

6. The DPLL of claim 4, wherein the second tracking unit

further comprises:
a digital loop filter (DLF) configured to,
receive the second detection signal from the second
BBPD, and

provide a control signal to the DCO to control the fre-
quency of the output signal generated thereby, the
control signal varying in response to the second detec-
tion signal.

7. The DPLL of claim 1, further comprising:

a main divider configured to generate the feedback signal
by dividing the output signal.

8. The DPLL of claim 1, further comprising:

a lock detector configured to detect whether the DPLL is in
a lock state, and generate a lock detection signal indi-
cating whether the DPLL is in the lock state; and

an automatic frequency control (AFC) circuit configured to
control the frequency of the output signal based on a
phase difference between the reference signal and the
feedback signal.

9. The DPLL of claim 8, wherein

the lock detector is configured to provide the lock detection
signal to the first tracking unit, and

the first tracking unit is configured to perform a tracking
operation when the lock detection signal indicates that
the DPLL is in the lock state.

10. The DPLL of claim 8, wherein

the first tracking unit is configured to output the delayed
reference signal such that,
the delayed reference signal has a constant delay amount

with respect to the reference signal, when the DPLL is
in an unlock state, and
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the delayed reference signal has a variable delay amount
with respect to the reference signal based on a track-
ing result, when the DPLL is in a lock state.

11. A digital phase-locked loop (DPLL) comprising:

a feed-forward delay-locked part (FFDLP) configured to
receive a reference signal and a feedback signal gener-
ated by feeding back an output signal of the DPLL, and
output a delayed reference signal by tracking the feed-
back signal, when the DPLL is in a lock state; and

a phase-locked part (PLP) configured to receive the
delayed reference signal and a delayed feedback signal
generated by delaying the feedback signal, and generate
the output signal of the DPLL..

12. The DPLL of claim 11, wherein the FFDLP is config-
ured to generate the delayed reference signal by controlling a
delay amount for the reference signal according to a phase
difference between the reference signal and the feedback
signal.

13. The DPLL of claim 11, wherein the PLP is configured
to control a frequency of the output signal of the DPLL
according to a phase difference between the delayed feedback
signal and the delayed reference signal.

14. The DPLL of claim 13, wherein the PLP receives the
delayed reference signal generated by tracking the feedback
signal and the delayed feedback signal generated by delaying
the feedback signal, and generates the output signal,

wherein the PLP reduces phase noise of the output signal
due to a reduced input tracking jitter.

15. The DPLL of claim 11, further comprising:

alock detector configured to detect whether the DPLL is in
a lock state based on a phase difference between the
delayed feedback signal and the delayed reference sig-
nal.

16. A Digital Phase-Locked Loop (DPLL) configured to
lock a frequency of a digitally controlled oscillator to a fre-
quency of a feedback signal, the DPLL comprising:

a first circuit configured to receive a reference signal and
the feedback signal, and to output a delayed reference
signal such that the delayed reference signal is a delayed
version of the reference signal that tracks jitters in the
feedback signal; and

Jun. 9, 2016

a second circuit configured to,
receive the delayed reference signal and a delayed feed-
back signal, the delayed feedback signal being a
delayed version of the feedback signal, and
generate an output signal based on the delayed reference
signal and the delayed feedback signal such that phase
noise in the output signal is reduced due to the delayed
reference signal tracking the jitters in the feedback
signal.
17. The DPLL of claim 16, wherein the second circuit
comprises:
the digitally controlled oscillator (DCO) configured to con-
trol a frequency of the output signal based on a phase
difference between the delayed feedback signal and the
delayed reference signal.
18. The DPLL of claim 17, wherein the second circuit
further comprises:
abangbang phase detector (BBPD) configured to detect the
phase difference between the delayed feedback signal
and the delayed reference signal, and output a detection
signal based thereon, and
the DCO is configured to control the frequency of the
output signal based on the detection signal.
19. The DPLL of claim 18, wherein the DPPL further
comprising:
a lock detector configured to detect whether the DPLL is in
a lock state or an unlock state based on a difference
between a frequency of the feedback signal and a fre-
quency of the reference signal, and wherein
the first circuit includes a delay circuit configured to
generate the delayed reference signal by delaying the
reference signal a constant amount if the DPLL is in
the unlock state, and delaying the reference signal a
variable amount based on the jitter, if the DPLL is in
the lock state.
20. The DPLL of claim 19, wherein the delay circuit com-
prises:
aplurality of buffers each configured to delay the reference
signal by a unit.



