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(57) Abstract: A system for determining a correction for an output value of a time-to-digital converter within a phase-locked loop is
provided. The output value relates to a time difference between an input signal and a reference signal supplied to the time-to-digital
converter. The system includes a digitally-controlled oscillator configured to generate a first signal independently from the output
signal. The first signal has a first frequency different from an integer multiple of a reference frequency of the reference signal. The
system further includes a frequency divider configured to generate the input signal for the time-to-digital converter based on the first
signal. The input signal has a second frequency being a fraction of the first frequency. Further, the system includes a processing unit
configured to calculate the correction using a distribution of output values of multiple time difterences.
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A SYSTEM AND A METHOD FOR DETERMINING A CORRECTION FOR AN
OUTPUT VALUE OF A TIME-TO-DIGITAL CONVERTER WITHIN A PHASE-
LOCKED LOOP

Field

Examples relate to correcting a nonlinearity of a time-to-digital converter in a phase-locked
loop. In particular, examples relate to a system and a method for determining a correction for
an output value of a time-to-digital converter within a phase-locked loop. Some examples
relate to a system and a method for modifying an output value of a time-to-digital converter

within a phase-locked loop.

Background

In a Phase-Locked Loop (PLL), a Time-to-Digital Converter (TDC) is used to detect a phase
difference between a reference signal and an output signal provided by a digitally-controlled
oscillator (DCO) of the PLL. A control signal for the DCO is provided by the TDC based on
the detected phase difference. A nonlinearity of the TDC may cause noise in the control signal
for the DCO. Hence, a quality of the DCO’s output signal may be degraded. The noise gen-
erated by the TDC may be dominant compared to quantization noise generated by a frequency
divider of the PLL used for controlling a ratio of a frequency of the output signal to a fre-
quency of the reference signal. However, since the output of the TDC is a digital signal, a
correction for the TDC’s nonlinearity may be applied by means of digital processing circuits.
For example, a look-up table with correction values may be used to correct the output of the
TDC. However, the digital correction of the TDC’s nonlinearity requires precise knowledge

about the nonlinearity of the TDC.

Conventional approaches use a closed loop mode of the PLL for determining correction val-
ues for the output of the TDC. However, the determined correction values are influenced by
a transfer function of the closed loop. Hence, there may be a desire for an improved determi-

nation of a correction for an output value of a TDC within a PLL.
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Brief description of the Figures

Some examples of apparatuses and/or methods will be described in the following by way of

example only, and with reference to the accompanying figures, in which

Fig. 1 illustrates an example of a system for determining a correction for an output value of a

TDC within a PLL;

Fig. 2 illustrates another example of a system for determining a correction for an output value

of a TDC within a PLL;

Fig. 3 illustrates an example of a temporal course of a phase difference between a reference
signal and an input signal provided to a TDC of a system according to an example described
herein;

Fig. 4 illustrates an example of a correction for an output value of a TDC within a PLL;

Fig. 5 illustrates an example of a PLL using a correction for an output value of its TDC;

Fig. 6 illustrates an example of a mobile communications device comprising a system for
determining a correction for an output value of a TDC within a PLL or a system for modifying

an output value of a TDC within a PLL;

Fig. 7 illustrates a flowchart of an example of a method for determining a correction for an

output value of a TDC within a PLL; and

Fig. 8 illustrates a flowchart of an example of a method for modifying an output value of a

TDC within a PLL.

Detailed Description

Various examples will now be described more fully with reference to the accompanying draw-

ings in which some examples are illustrated. In the figures, the thicknesses of lines, layers

and/or regions may be exaggerated for clarity.
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Accordingly, while further examples are capable of various modifications and alternative
forms, some examples thereof are shown by way of example in the figures and will herein be
described in detail. It should be understood, however, that there is no intent to limit examples
to the particular forms disclosed, but on the contrary, examples are to cover all modifications,
equivalents, and alternatives falling within the scope of the disclosure. Like numbers refer to

like or similar elements throughout the description of the figures.

It will be understood that when an element is referred to as being “connected” or “coupled”
to another element, it can be directly connected or coupled to the other element or intervening
elements may be present. In contrast, when an element is referred to as being “directly con-
nected” or “directly coupled” to another element, there are no intervening elements present.
Other words used to describe the relationship between elements should be interpreted in a like

PR3

fashion (e.g., “between” versus “directly between,” “adjacent” versus “directly adjacent,”

etc.).

The terminology used herein is for the purpose of describing particular examples only and is

not intended to be limiting of further examples. As used herein, the singular forms “a,” “an

and “the” are intended to include the plural forms as well, unless the context clearly indicates

EEINT3 9 el

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, elements 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.

Unless otherwise defined, all terms (including technical and scientific terms) used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which exam-
ples belong. It will be further understood that terms, e.g., those defined in commonly used
dictionaries, should be interpreted as having a meaning that is consistent with their meaning

in the context of the relevant art, unless expressly defined otherwise herein.

In the following, various examples relate to devices (e.g. cell phone, base station) or compo-
nents (e.g. transmitter, transceiver) of devices used in wireless or mobile communications

systems. A mobile communication system may, for example, correspond to one of the mobile
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communication systems standardized by the 3rd Generation Partnership Project (3GPP), e.g.
Global System for Mobile Communications (GSM), Enhanced Data rates for GSM Evolution
(EDGE), GSM EDGE Radio Access Network (GERAN), High Speed Packet Access (HSPA),
Universal Terrestrial Radio Access Network (UTRAN) or Evolved UTRAN (E-UTRAN),
Long Term Evolution (LTE) or LTE-Advanced (LTE-A), or mobile communication systems
with different standards, e.g. Worldwide Interoperability for Microwave Access (WIMAX)
IEEE 802.16 or Wireless Local Area Network (WLAN) IEEE 802.11, generally any system
based on Time Division Multiple Access (TDMA), Frequency Division Multiple Access
(FDMA), Orthogonal Frequency Division Multiple Access (OFDMA), Code Division Multi-
ple Access (CDMA), etc. The terms mobile communication system and mobile communica-

tion network may be used synonymously.

The mobile communication system may comprise a plurality of transmission points or base
station transceivers operable to communicate radio signals with a mobile transceiver. In these
examples, the mobile communication system may comprise mobile transceivers, relay station
transceivers and base station transceivers. The relay station transceivers and base station

transceivers can be composed of one or more central units and one or more remote units.

A mobile transceiver or mobile device may correspond to a smartphone, a cell phone, User
Equipment (UE), a laptop, a notebook, a personal computer, a Personal Digital Assistant
(PDA), a Universal Serial Bus (USB) -stick, a tablet computer, a car, etc. A mobile transceiver
or terminal may also be referred to as UE or user in line with the 3GPP terminology. A base
station transceiver can be located in the fixed or stationary part of the network or system. A
base station transceiver may correspond to a remote radio head, a transmission point, an ac-
cess point, a macro cell, a small cell, a micro cell, a pico cell, a femto cell, a metro cell etc.
The term small cell may refer to any cell smaller than a macro cell, i.e. a micro cell, a pico
cell, a femto cell, or a metro cell. Moreover, a femto cell is considered smaller than a pico
cell, which is considered smaller than a micro cell. A base station transceiver can be a wireless
interface of a wired network, which enables transmission and reception of radio signals to a
UE, mobile transceiver or relay transceiver. Such a radio signal may comply with radio signals
as, for example, standardized by 3GPP or, generally, in line with one or more of the above
listed systems. Thus, a base station transceiver may correspond to a NodeB, an eNodeB, a
BTS, an access point, etc. A relay station transceiver may correspond to an intermediate net-

work node in the communication path between a base station transceiver and a mobile station
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transceiver. A relay station transceiver may forward a signal received from a mobile trans-
ceiver to a base station transceiver, signals received from the base station transceiver to the

mobile station transceiver, respectively.

The mobile communication system may be cellular. The term cell refers to a coverage area of
radio services provided by a transmission point, a remote unit, a remote head, a remote radio
head, a base station transceiver, relay transceiver or a NodeB, an eNodeB, respectively. The
terms cell and base station transceiver may be used synonymously. In some examples a cell
may correspond to a sector. For example, sectors can be achieved using sector antennas, which
provide a characteristic for covering an angular section around a base station transceiver or
remote unit. In some examples, a base station transceiver or remote unit may, for example,
operate three or six cells covering sectors of 120° (in case of three cells), 60° (in case of six
cells) respectively. Likewise a relay transceiver may establish one or more cells in its cover-
age area. A mobile transceiver can be registered or associated with at least one cell, i.e. it can
be associated to a cell such that data can be exchanged between the network and the mobile
in the coverage area of the associated cell using a dedicated channel, link or connection. A
mobile transceiver may hence register or be associated with a relay station or base station
transceiver directly or indirectly, where an indirect registration or association may be through

one or more relay transceivers.

Fig. 1 illustrates an example of a system 100 for determining a correction 141 for an output
value 111 of a TDC 110 within a PLL. The output value 111 is related to a time difference
between an input signal 131 and a reference signal 101 supplied to the TDC 110. For deter-
mining the correction 141, the PLL is operated in a calibration mode (a first mode of opera-
tion). Once the correction 141 for the output value 111 is determined, the PLL may be oper-

ated in a regular mode (a second mode of operation, e.g., illustrated in Fig. 5).

The system 100 comprises a DCO 120. In regular mode, the DCO 120 is controlled by the
output value 111 or a signal related to the output value 111 (e.g. a loop filter may provide a
control signal based on the output value 111 to the DCO). That is, the DCO 120 generates a
(second) signal depending on the output value 111. In the calibration mode illustrated in Fig.
1, the DCO 120 generates a first signal 121 independently from the output value 111 and
provides the first signal 121 to a frequency divider 130. The first signal 121 has a first fre-

quency which is different from an integer multiple of a reference frequency of the reference
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signal 101 supplied to the TDC 110. The reference signal 101 is used by the TDC 110 for
determining a phase relation (time difference) between the input signal 131 and the reference
signal 101 in order to control the DCO 120. Assuming that the reference frequency of the
reference signal 101 is frer, the frequency of the first signal 121 may, e.g., be 1.9*{rer,

2.04*fgrer, 8.6%frer, 17.2%{Rer, 143.99*{Rer, 189.001*{RreF or 256.96* {REF.

The frequency divider 130 generates the input signal 131 based on the first signal 121. The
input signal 131 has a second frequency which is a fraction of the first frequency of the first
signal 121. For example, the frequency divider 130 may comprise a multi-modulus divider to

select a ratio of the second frequency to the first frequency.

The input signal 131 is supplied to the TDC 110. The TDC 110 compares a phase of the input
signal 131 to a phase of the reference signal 101, i.e., the TDC 110 determines a time differ-
ence between the input signal 131 and the reference signal 101. Based on the phase relation
between the input signal 131 and the reference signal 101, the TDC 110 provides the output

value 111. The output value 111 is a digital representation of the determined time difference.

The system 100 illustrated in Fig. 1 is operated in an open loop mode since the DCO 120
provides the first signal 121 independently from the output value 111, i.e., a possibly present
control loop is not enabled. The first frequency of the first signal 121 is a non-integer multiple
of the reference frequency of the reference signal 101 but the phase of the first signal 121 is
not locked to the phase of the reference signal 101, i.e., the phase of the first signal 121 is
independent from the phase of the reference signal 101. Due to the frequency difference of
the first frequency of the first signal 121 to an integer multiple of the reference frequency of
the reference signal 101, a phase difference (time difference) between the first signal 121 and
the reference signal 101 changes over time. For example, the phase difference changes ap-
proximately linearly over time. Accordingly, also a phase difference between the input signal
131 and the reference signal 101 changes since the input signal 131 is based on the first signal
121. For an increasing frequency difference of the first frequency of the first signal 121 to an
integer multiple of the reference frequency of the reference signal 101, the phase difference

between the input signal 131 and the reference signal 101 may change more rapidly.

A substantially uniform distribution of the phase differences (time differences) is provided to

the TDC 110, i.e., each phase difference is provided to the TDC 110 with a substantially equal
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abundance. A distribution of output values of multiple determined time differences is sub-
stantially uniform, if the TDC 110 was perfectly linear. That is, each of the output values for
the multiple time differences determined by the TDC 110 would have a substantially equal
abundance. Accordingly, a deviation from the uniform distribution of the output values 111

of the TDC 110 is related to the TDC 110’s nonlinearity.

The processing unit 140 calculates the correction 141 using the distribution of the output val-
ues of the multiple determined time differences. For example, the processing unit 140 may
collect the distribution of the output values in bins of a histogram (e.g. by counting a number
of occurrences of the various output values 111 for the determined time differences). The bins
may correspond to a predetermined range of the output values. For example, a nonlinear TDC
110 may cause a higher number of occurrences of output values related a greater time differ-
ence (phase difference) and a lower number of occurrences of output values related to a
smaller time difference (phase difference). Hence, the histogram may show a Differential
Nonlinearity (DNL) of the TDC 110. DNL describes the deviation of a quantization stage
from an ideal value. For an ideal linear TDC, all quantization stages should have the same
time lag. The deviation of a time lag of a single quantization stage from the ideal time lag is

denoted as the DNL of a TDC.

For determining the correction for the output value 111, the processing unit 140 may, e.g.,
comprise an integrator which integrates contents of bins of the histogram. That is, the pro-
cessing unit 140 may determine the Integral Nonlinearity (INL) of the TDC 110 by integrating
the DNL. The INL describes the actual deviation of a quantized value from an ideal value.
For an ideal quantization, the time lag between subsequent samples is the same for all sam-
ples. Hence, a line connecting all the samples is a straight line. However, for a nonlinear
quantization, the time lag between subsequent samples varies, so that the samples have an
offset to the straight line determined by the samples of the ideal quantization. Hence, the INL
describes the distance of the single sample to the ideal straight line. Accordingly, the INL
may be used to correct the output value 111 provided by the nonlinear TDC 110. For example,
the INL may be stored in a loop-up table as correction value. A signal correction unit may be
provided between the TDC 110 and the DCO 120 to modify the output value 111 by the

correction value in order to provide a corrected output value to the DCO 120.
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The system 100 may allow to determine the nonlinearity of a TDC with high accuracy. Since
the system 100 is operated in an open loop mode, transfer characteristics of the PLL (e.g. of
a loop filter within the PLL) do not influence the correction. Accordingly, the system may
allow to determine a correction for the output signal of the TDC which is merely related to
the nonlinearity of the TDC. Hence, a correction value determined according to the proposed
concept may allow to reduce noise related to the TDC’s nonlinearity in the control signal for
the DCO more precisely. For example, during regular mode operation of the PLL (i.e. the
DCO generates a second signal depending on the output value, and the frequency divider
generates the input signal for the TDC based on the second signal with a second frequency
that is a fraction of the frequency of the second signal), a correction unit may be connected to
the TDC. The correction unit may modify an output value represented by the output signal of
the TDC (being a control signal for the DCO) by a correction determined in the calibration
mode (e.g. add or subtract the correction to / from the output value represented by the output
signal of the TDC). For example, the correction may be stored in a look-up table in the cali-
bration mode and may be provided to the correction unit in the regular mode. Accordingly, a
corrected control signal for the DCO may be provided, so that a noise component in the con-
trol signal for the DCO may be reduced. Hence, the DCO may provide a signal (e.g. a radio
frequency signal) of high quality. That is, a system for modifying an output value of a TDC

within a PLL may be provided in some examples.

In some examples, the frequency divider 130 may be configured to select or alter a ratio of
the second frequency (of the input signal 131) to the first frequency (of the first signal 121)
based on a control signal 161. The control signal 161 for the frequency divider 130 may be
based on the output value 111 of the TDC 110. For example, the system 100 may optionally
comprise a comparator 150 which compares the output value 111 to a threshold 152. The
comparator may provide a comparison result 151 to a signal modification unit 160. The signal
modification unit 160 may modify a constant signal 162 based on the comparison result 151
to provide the control signal 161. The constant signal 162 may have a signal shape which is
constant over time (e.g. the constant signal may constantly indicate a same digital value over

time).

Providing the control signal 161 based on the output value 111 of the TDC 110 may allow to
provide merely time differences (phase differences) between the reference signal 101 and the

input signal 131 within a defined range. As described above, the control signal 161 may be
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modified based on a comparison of the output value 111 to the threshold 152. For example, a
value represented by the constant signal 162 may be modified by an offset value if the output
value 111 exceeds the threshold 152. The value represented by the constant signal 162 may
indicate (to the frequency divider 130) a desired ratio of the second frequency to the first
frequency. In some examples, the value represented by the constant signal 162 may be mod-
ified by an offset value if the output value 111 falls below the threshold 152. For example,
the value represented by the constant signal 162 may be modified for an oscillation period of
the input signal 131 (i.e. for the oscillation period of the second frequency). Accordingly, the
second frequency of the input signal 131 is modified for this period by the frequency divider
130 (e.g. the frequency is increased or reduced), so that the time difference (phase difference)
between the reference signal 101 and the input signal 131 provided to the TDC 110 may be
reduced by one or more oscillation periods of the first signal. Hence, the time difference
(phase difference) between the reference signal 101 and the input signal 131 may be kept

within a defined range.

As discussed above, the phase difference between the input signal 131 and the reference signal
101 may change more rapidly for an increasing {requency difference of the first frequency of
the first signal 121 to an integer multiple of the reference frequency of the reference signal
101. In order to reduce a frequency of modifying the value represented by the constant signal
162 based on the output value 111, the frequency difference of the first frequency of the first
signal 121 to an integer multiple of the reference frequency of the reference signal 101 may
be low. That is, the first frequency of the first signal 121 may be very close to an integer
multiple of the reference frequency of the reference signal 101. Hence, in some examples, an
absolute value of a difference between a ratio of the first frequency to the reference frequency
and a ratio of the integer multiple of the reference frequency to the reference frequency may
be smaller than 0.4, 0.3, 0.2, 0.1, 0.05, 0.01 or 0.001. Accordingly, the phase difference be-

tween the input signal 131 and the reference signal 101 may increase slowly.

The system 100 may comprise one or more additional optional features corresponding to one

or more aspects of the proposed concept or one or more examples described below.

Generally speaking, some examples relate to a means for determining a correction for an out-

put value of a TDC within a PLL. The output value relates to a time difference between an
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input signal and a reference signal supplied to the TDC. The means for determining a correc-
tion comprises a means for generating a first signal independently from the output value. The
first signal has a first frequency different from an integer multiple of a reference frequency of
the reference signal. The means for determining a correction further comprises a means for
generating the input signal for the TDC based on the first signal. The input signal has a second
frequency being a fraction of the first frequency. The means for determining a correction
further comprises a means for calculating the correction using a distribution of output values

of multiple time differences.

Some examples relate to a means for modifying an output value of a TDC within a PLL. The
output value relates to a time difference between an input signal and a reference signal sup-
plied to the TDC. The means comprises a means for generating a first signal independently
from the output value in a first mode of operation of the system. The first signal has a first
frequency different from an integer multiple of a reference frequency of the reference signal.
Further, the means comprises a means for generating, in the first mode, the input signal for
the TDC based on the first signal. The input signal has a second frequency being a fraction of
the first frequency. The means further comprises a means for calculating, in the first mode, a
correction for the output value using a distribution of output values of multiple time differ-
ences. The means for generating a first signal is configured to generate, depending on the
output value, a second signal in a second mode of operation of the system. The means for
generating the input signal is configured to generate, in the second mode, the input signal
based on the second signal, wherein the second frequency is a fraction of the frequency of the
second signal. The means further comprises a means for modifying, in the second mode, the
output value by the correction. The means may further comprise a means for receiving the
correction in the first mode and for supplying the correction to the means for modifying the

output value in the second mode.

The means for determining a correction may be implemented by a system for determining a
correction for an output signal of a TDC of a PLL described above or below (e.g. Fig. 1). The
means for providing a first signal may be implemented by a DCO described above or below
(e.g. Fig. 1). The means for providing the input signal may be implemented by a frequency
divider described above or below (e.g. Fig. 1). The means for deriving the correction may be
implemented by a processing unit described above or below (e.g. Fig. 1). The means for mod-

ifying an output value of a TDC within a PLL. may be implemented by a system for modifying
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an output value of a TDC within a PLL described above or below (e.g. Fig. 1 or Fig. 5). The
means for modifying the output value by the correction may be implemented by a correction
unit described above or below (e.g. Fig. 1 or Fig. 5). The means for receiving and for supply-
ing the correction may be implemented by a look-up table described above or below (e.g. Fig.

1, Fig. 2 or Fig. 5)

Fig. 2 illustrates another example of a system 200 for determining a correction for an output
value 111 of a TDC 110 within a (digital) PLL. The output value 111relates to a time differ-
ence between an input signal 131 and a reference signal 101 supplied to the TDC 110.

The TDC 110 generates the output value 111 based on a time difference (phase difference)
between the input signal 131 and the reference signal 101. A loop filter 280 (e.g. a low pass
filter) receives the output value 111. Based on the output value 111, the loop filter 280 gen-
erates a further control signal 281 and provides it to the DCO 120. The DCO 120 generates a
first signal 121 having a first frequency which is a multiple of a frequency of the reference
signal 101. The first signal 121 is provided to a multi-modulus diver (MMD) 230 serving as
frequency divider. The MMD 230 provides the input signal 131 for the TDC 110. The input
signal 131 has a second frequency which is a fraction of the first frequency. A ratio of the
second frequency to the first frequency is adjusted by the MMD 230 based on a regular control
signal 264. The regular control signal 264 is provided to the MMD 230 by a sigma-delta
modulator (XA modulator) 270 based on an input signal (channel word) 271. The 2A modu-
lator 270 provides the digital regular control signal 264 based on the input signal 271 using
sigma-delta modulation. The input signal 271 may comprise information on a desired ratio of

the first frequency to the reference frequency.

The above configuration of the PLL is operated in regular mode (second mode of operation)
to provide the first signal 121 with a first frequency which is different from an integer multiple
of the reference frequency 101. As discussed in connection with Fig. 1, it is advantageous to

set the first frequency close to an integer multiple of the reference frequency 101.

When the first frequency is set to the desired {requency, e.g., close to an integer multiple of
the reference frequency 101 (i.e. a fractional channel of the PLL is set), the PLL is operated
in calibration mode (first mode of operation) for determining a correction for the output value

111 of the TDC 110. Therefore, a first freeze signal 282 is provided to the loop filter 280. The
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first freeze signal 282 causes the loop filter 280 to constantly provide the instantaneous further
control signal 281 independently from the output value 111. Hence, the DCO 120 constantly
provides the first signal 121 with the first frequency being close to an integer multiple of the
reference frequency 101. The first signal 121 is provided independently of the output value
111.

Additionally, a second freeze signal 272 is provided to the XA modulator 270. The second
freeze signal 272 causes the £A modulator 270 to constantly provide the instantaneous regular
signal 264 as constant signal 262 to an adder 260 (serving a signal modification unit) inde-
pendently from the input signal 271. The regular control signal 264 is no longer provided to
the MMD 230. The adder 260 may modify a value represented by the constant signal 262 to
provide the control signal 261. Hence, the MMD 230 provides the input signal 131 to the
TDC 110 with a constant second frequency. The second frequency is a fixed fraction of the

first frequency.

Hence, the PLL is operated in an open loop mode, when the first frequency is set to the desired
frequency. As discussed in connection with Fig. 1, the time difference between the input sig-
nal 131 and the reference signal 101 changes (e.g. substantially linearly) since the first fre-
quency is different from an integer multiple of the reference frequency. That is, multiple time
differences are provided to the TDC 110. A substantially uniform distribution of time differ-
ences (phase differences) is provided to the TDC 110. A nonlinearity of the TDC 110 is de-
termined by determining a distribution of output values of the multiple determined time dif-
ferences. Any deviation from a substantially uniform distribution of the output values 111

characterizes the TDC 110’s nonlinearity.

A processing unit 240 is provided to determine a histogram 240-1 of the output values 111
provided by the TDC 110 for the multiple time differences. That is, the output value of the
TDC 110 are collected in bins of the histogram 240-1. The bins of the histogram correspond
to a predetermined range of the output values. For example, the histogram 240-1 may show a
number of occurrences for each output value 111. As discussed in connection with Fig. 1, this
distribution may represent a DNL of the TDC 110. In order to calculate the INL (e.g. as cor-
rection for an output value of the TDC) the processing unit 240 comprises an integrator 240-
2 configured to integrate the distribution of output values (e.g. by integrating the histogram).

The determined corrections for the output values of the TDC 110 are stored in a look-up table
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241. During regular operation of the PLL (e.g. described in connection with Fig. 5), the PLL
may use the determined corrections to correct output values of the TDC 110 for the nonline-

arity of the TDC 110.

As discussed in connection with Fig. 1, the time difference between the input signal 131 and
the reference signal 101 may be kept within a desired range. Therefore, the system 200 com-
prises a comparator 250. The comparator 250 compares the output value 111 to a threshold
(a) 252. Based on a comparison result 251 of the comparator 250, an offset provision unit 253
supplies an offset value to the adder 260 to linearly modify the value represented by the con-
stant signal 262. For example, the adder 260 may add or subtract the offset value to / from the
value represented by the constant signal 262. For example, the offset value may be provided
to the adder for one oscillation period of the second frequency (i.e. for the oscillation period
of the input signal 131). Accordingly, the control signal 261 may be modified for the one
oscillation period of the second frequency, so that the MMD 230 provides the input signal
131 with a different frequency for the one oscillation period of the second frequency. By
varying the second frequency of the input signal 131 for a given time period, the time differ-
ence between the input signal 131 and the reference signal 101 may be reduced due to the
different oscillation period of the input signal 131 during the given time period. Accordingly,
the increasing time difference between the input signal 131 and the reference signal 101 may

be reduced by one or more oscillation periods of the first frequency.

In other words, the TDC of a divider based digital PLL may be calibrated in order to reduce
in-band noise of the PLL. The calibration may start with locking the digital phase-locked loop
(DPLL) to a fractional channel which is close to an integer multiple of the reference fre-
quency. The offset to the integer channel may define a slope steepness of the saw tooth phase
signal at the TDC input. Once the lock is achieved, the loop filter output and the MMD input
may be frozen to their actual values, which may effectively set the PLL to open loop but keep
the DCO frequency close to the wanted fractional frequency. Since in this bounded open loop
mode the DCO frequency may still be approximately at the fractional channel but the DPLL
output phase may no longer be locked to the reference, the TDC input delay may keep chang-
ing approximately linearly according to the channel fraction. The inherent noise of the DCO
may lead to an additional drift. With a properly chosen fractional channel, the drift rate may
be small compared to the ramp due to the channel fraction. In order to keep the TDC input

within a defined region, the TDC output may be monitored and compared with a threshold
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value. If the threshold value is exceeded, the MMD input value may be modified for one cycle
by an additive value. This may lead to a jump of the MMD output delay by one or more DCO
periods. The jump induced may go in the opposite direction of the slope of the saw tooth

signal.

An open loop statistical extraction of the nonlinearity in a divider based PLL may thus be
enabled. This may be done by switching the PLL feedback divider in the above defined man-
ner in order to generate a non-drifting saw tooth shaped input signal at the TDC while the
PLL is operating in open loop mode. The statistical distribution of the TDC output signal is
ideally constant if the TDC is linear, so that any deviation from the constant is due to nonlin-

earity and can be captured by collecting a histogram

The histogram may be collected by counting the number of occurrences of each TDC output
value. A linear TDC would result in a flat histogram. A nonlinear TDC may lead to higher
probability of TDC output values corresponding to wider delay elements and lower probabil-
ity for narrower delay elements. So the histogram data may directly show the DNL. The INL
may be calculated by integration of the DNL.

The system 200 may comprise one or more additional optional features corresponding to one

or more aspects of the proposed concept or one or more examples described below.

Fig. 3 illustrates an example of a temporal course of a phase difference between a reference
signal and an input signal provided to a TDC of a system according to an example described

herein (e.g. illustrated in Fig. 1 or Fig. 2).

The abscissa denotes the time and the ordinate denotes the time difference (phase difference)
between the input signal and the reference signal (input delay). The input delay has a saw
tooth shape, with two repetitive parts s1 and s2. The slope part s1 represents the increasing
time difference related to the frequency difference of the first frequency to an integer multiple
of the reference frequency. For an increasing frequency difference between the first frequency

and the integer multiple, a slope of the slope part s1 increases.

As discussed in connection with Fig. 1 and Fig. 2, the time differences presented to the TDC

may be kept within a defined range. Therefore, the output value of the TDC may be compared
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to a threshold value. A threshold value a is illustrated in Fig. 3 which indicates the maximum
time difference presented to the TDC. Once the maximal time difference is presented to the
TDC, the control signal for the frequency divider (e.g. the MMD 230 illustrated in Fig. 2) is
modified. For example, a value represented by the control signal is increased or decreased by
an offset value b for one oscillation period of the second frequency. Accordingly, the second
frequency of the input signal for the TDC is modified (increased or decreased) for this time
period. The temporarily modified frequency of the input signal for the TDC causes a reduction
of the time difference between the input signal and the reference signal. The reduction of the
time difference is illustrated by part s2 in Fig. 3. For example, decreasing the value repre-
sented by the control signal by an offset value b for one oscillation period of the first frequency
may reduce the time difference between the input signal and the reference signal by b oscil-
lation periods of the first frequency since the oscillation period of the second frequency is
temporarily smaller due to the modified control signal. Accordingly, periodically modifying
the control signal for the frequency divider may allow to effectively keep the time differences

presented to the TDC within a defined range.

Fig. 3 illustrates a situation where the first frequency is slightly lower than an integer multiple
of the reference frequency, therefore the control signal for the frequency divider is modified
if the output value (representing the time difference) exceeds the threshold a. For example, if
the first frequency is slightly higher than the integer multiple of the reference frequency, a
slope of slope part s1 would be inverse, so that the control signal for the frequency divider
would be modified if the output value (representing the time difference) falls below a thresh-

old.

In other words, an exemplary waveform of the TDC input signal is shown in Figure 3. The
saw tooth may have two repetitive parts — s1 and s2. The slope part s1 may be defined by the
DCO frequency which has a small offset to the next integer multiple of the reference fre-
quency. In order to keep the TDC input within a defined region, the TDC output may be
monitored and compared with a threshold value a. If the threshold value is exceeded, the
MMD input value may be modified for one cycle by an additive value b. That is, once the
level a is reached, the MMD divider value may be modified for one cycle leading to a shift of
the input delay by b DCO periods. a and b may be chosen to capture the wanted region of the
TDC. For example, if the DPLL is using a 3rd order XA modulator at the MMD input, the

resulting delay variation at the TDC input may be +/- 2 DCO periods relative to a constant
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offset. So b might be set to 4 and a might be set to the equivalent value of 2 DCO periods plus
the constant offset. This may lead to a jump of the MMD output delay by b DCO periods. The

jump induced may go in the opposite direction of the slope of the saw tooth signal.

Fig. 4 illustrates an example of a correction for an output value of a TDC of a PLL. In partic-
ular, Fig. 4 illustrates a comparison between an INL 410 of the TDC determined according to
the proposed concept and a simulated INL 420 of the TDC. The abscissa denotes output values
of the TDC and the ordinate denotes the INL for the specific output value. The abscissa re-
gions at the edge of the diagram illustrate output values of the TDC related to maximum and
minimum time differences presented to the TDC (e.g. illustrated in Fig. 3 as peak and valley

of the temporal course).

As discussed in connection with Fig. 1, the INL describes the actual deviation of a quantized
value from an ideal value. Fig. 4 illustrates that the INL 410 determined according to proposed
concept matches closely to the simulated INL 420. The slight deviation at the edges of the
diagram results from the sudden change of the time difference at the minimum and the max-
imum time difference due to the modification of the control signal for the frequency divider.
In other words, it may be seen that within a defined range given by chosen values of a and b

the captured INL matches closely the modeled INL.

Fig. 5 illustrates an example of a PLL 500 using a correction, which is determined according

to an example described herein, for an output signal 511 of its TDC 510.

The PLL 500 comprises a DCO 520 providing a PLL output signal 521. The PLL output
signal 521 is provided to a MMD 530. The MMD 530 provides an input signal 531 for the
TDC 510 based on the PLL output signal 521 and a digital control signal 561 provided by a
YA modulator 560. The ZA modulator 560 provides the digital control signal 561 to the MMD
530 based on a channel word. The channel word comprises information related to a desired
ratio of a frequency of the PLL output signal 521 to a reference frequency of a reference signal
501 provided to the TDC 510. The MMD 530 provides the input signal 531 with a frequency
which is a fraction of the frequency of the PLL output signal 521 based on the control signal
561.
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The TDC 510 compares a phase of the input signal 531 to a phase of the reference signal 501,
i.e., the TDC 510 determines a time difference between the input signal 531 and the reference
signal 501. Based on the phase difference between the input signal 531 and the reference
signal 501, the TDC 510 provides a digital signal 511 representing a digital value which in-
dicates the phase difference. Due to a nonlinearity of the TDC 510, the value represented by
the digital signal 511 may be distorted, i.e., the digital signal 511 may contain noise.

The digital signal 511 is provided to an adder 540. The adder 540 modifies the value repre-
sented by the digital signal 511. For example, the adder may linearly modify (e.g. add or
subtract) the value represented by the digital signal 511 by a correction 541 in order to provide
the corrected output signal 542. The correction is provided by a look-up table 570 to the adder
540. The correction 541 provided by the look-up table 570 is determined according to one or
more aspects of the proposed concept or one or more examples described above or below.
Hence, the correction 541 may allow to reduce noise related to the nonlinearity of the TDC
510 in the output signal 511 very precisely. The corrected output signal 542 is provided to a
loop filter 550, which provides a further control signal 551 to the DCO 520 based on the

corrected output signal 542.

Since the noise related to the nonlinearity of the TDC 510 may be effectively reduced by the
correction 541, which is determined according to the proposed concept, the corrected output
signal 542 may contain less noise than a hypothetic corrected output signal which was gener-
ated by using a correction determined according to conventional approaches. Accordingly,
the loop filter 550 provides a further control signal 551 to the DCO 520 which may contain
less noise. Hence, the DCO 520 may provide the PLL output signal 521 with higher quality.
For example, the PLL 500 may output a radio frequency signal of high quality.

An example of an implementation using correction determination for an output value of a
TDC within a PLL according to one or more aspects of the proposed concept or one or more
examples described above is illustrated in Fig. 6. Fig. 6 schematically illustrates an example
of a mobile communications device or mobile phone or user equipment 600 comprising a
system 630 for determining a correction for an output value of a TDC within a PLL according
to an example described herein, or a system 640 for modifying an output value of a TDC
within a PLL according to an example described herein. The system 630 or the system 640

may be comprised in a transmitter 621. Alternatively or additionally, the system 630 or the



10

15

20

25

30

WO 2016/207758 18 PCT/IB2016/053359

system 640 may be comprised in a receiver 622. The transmitter 621 and / or the receiver 622
may be comprised in a transceiver 620. An antenna element 610 of the mobile communica-
tions device 600 may be coupled to the transceiver 620 or to the transmitter 621 and / or the
receiver 622, respectively. To this end, mobile communications devices may be provided al-

lowing to generate radio frequency signals of high quality by means of a PLL.

An example of a method 700 for determining a correction for an output value of a TDC within
a PLL is illustrated by means of a flowchart in Fig. 7. The output value is related to a time
difference between an input signal and a reference signal. The method comprises generating
702 a first signal independently from the output value. The first signal has a first frequency
different from an integer multiple of a reference frequency of the reference signal. Further,
the method comprises generating 704 the input signal for the TDC based on the first signal.
The input signal has a second frequency being a fraction of the first frequency. The method
further comprises calculating 706 the correction using a distribution of output values of mul-

tiple time differences.

More details and aspects of the method are mentioned in connection with the proposed con-
cept or one or more examples described above (e.g. Figs. 1-5). The method may comprise one
or more additional optional features corresponding to one or more aspects of the proposed

concept or one or more examples described above.

An example of a method 800 for modifying an output value of a TDC within a PLL is illus-
trated by means of a flowchart in Fig. 8. The output value is related to a time difference
between an input signal and a reference signal. The method comprises calculating 802 a cor-
rection for the output value in a first mode of operation. Calculating 802 the correction com-
prises generating (802-1) a first signal independently from the output value. The first signal
has a first frequency different from an integer multiple of a reference frequency of the refer-
ence signal. Further, calculating 802 the correction comprises generating 802-2 the input sig-
nal for the TDC based on the first signal. The input signal has a second frequency being a
fraction of the first frequency. Calculating 802 the correction further comprises calculating
802-3 the correction using a distribution of output values of multiple time differences. The
method further comprises generating 804, depending on the output value, a second signal in
a second mode of operation. Further, the method comprises generating 806, in the second

mode, the input signal based on the second signal. The second frequency is a fraction of the
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frequency of the second signal. The method comprises further modifying 808, in the second

mode, the output value by the correction.

More details and aspects of the method are mentioned in connection with the proposed con-
cept or one or more examples described above (e.g. Figs. 1-5). The method may comprise one
or more additional optional features corresponding to one or more aspects of the proposed

concept or one or more examples described above.

The examples as described herein may be summarized as follows:

Example 1 is a system for determining a correction for an output value of a time-to-digital
converter within a phase-locked loop, the output value relating to a time difference between
an input signal and a reference signal supplied to the time-to-digital converter, comprising: a
digitally-controlled oscillator configured to generate a first signal independently from the out-
put value, wherein the first signal has a first frequency different from an integer multiple of a
reference frequency of the reference signal; a frequency divider configured to generate the
input signal for the time-to-digital converter based on the first signal, wherein the input signal
has a second frequency being a fraction of the first frequency; and a processing unit config-
ured to calculate the correction using a distribution of output values of multiple time differ-

€nces.

In example 2, the frequency divider in the system of example 1 is configured to select a ratio
of the second frequency to the first frequency based on a control signal, and the control signal

is based on the output value.

In example 3, the system of example 2 further comprises: a comparator configured to compare
the output value to a threshold; and a signal modification unit configured to modify a constant

signal based on a comparison result of the comparator to provide the control signal.

In example 4, the signal modification unit in the system of example 3 is configured to linearly
modify a value represented by the constant signal by an offset value for an oscillation period

of the input signal.
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In example 5, the system of example 4 further comprises an offset provision unit configured
to supply the offset value to the signal modification unit based on the comparison result of

the comparator.

In example 6, the frequency divider in the system of example 3, example 4 or example 5
comprises a multi-modulus divider, and the system further comprises a sigma-delta modulator
configured to generate the constant signal independently from a second input signal provided

to the sigma-delta modulator.

In example 7, an absolute value of a difference between a ratio of the first frequency to the
reference frequency and a ratio of the integer multiple of the reference frequency to the refer-

ence frequency is smaller than about 0.05 in the system of any of the preceding examples.

In example 8, the processing unit in the system of any of the preceding examples comprises

an integrator configured to integrate the distribution of output values.

In example 9, the processing unit in the system of example 9 is further configured to collect
the distribution of output values in bins of a histogram, the bins corresponding to a predeter-
mined range of the output values, and the integrator is further configured to integrate contents

of the bins.

In example 10, the system in the system of any of the preceding examples further comprises
a loop filter configured to receive the output value, and wherein the loop filter is further con-
figured to generate a further control signal for the digitally-controlled oscillator independently

from the output value.

Example 12 is a system for modifying an output value of a time-to-digital converter within a
phase-locked loop, the output value relating to a time difference between an input signal and
a reference signal supplied to the time-to-digital converter, comprising: a digitally-controlled
oscillator configured to generate a first signal independently from the output value in a first
mode of operation, wherein the first signal has a first frequency different from an integer
multiple of a reference frequency of the reference signal; a frequency divider configured to
generate, in the first mode, the input signal for the time-to-digital converter based on the first

signal, wherein the input signal has a second frequency being a fraction of the first frequencys;
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a processing unit configured to calculate, in the first mode, a correction for the output value
using a distribution of output values of multiple time differences, wherein the digitally-con-
trolled oscillator is configured to generate, depending on the output value, a second signal in
a second mode of operation, wherein the frequency divider is configured to generate, in the
second mode, the input signal based on the second signal, wherein the second frequency is a
fraction of the frequency of the second signal; and a correction unit configured to modify, in

the second mode, the output value by the correction.

In example 12, the system of example 11 further comprises a loop-up table configured to
receive, in the first mode, the correction and to supply, in the second mode, the correction to

the correction unit.

Example 13 is a transmitter comprising a system for determining a correction for an output
signal of a time-to-digital converter within a phase-locked loop according to any of examples
1 to 10 / or a system for modifying an output value of a time-to-digital converter within a

phase-locked loop according to any of examples 11 and 12.

Example 14 is areceiver comprising a system for determining a correction for an output signal
of a time-to-digital converter within a phase-locked loop according to any of examples 1 to
10 / or a system for modifying an output value of a time-to-digital converter within a phase-

locked loop according to any of examples 11 and 12.

Examples 15 is a mobile communications device comprising a transmitter according to ex-

ample 13 and / or a receiver according to example 14.

In example 16, the mobile communications device of example 15 further comprises at least

one antenna coupled to the transmitter and / or the receiver.

Example 17 is a means for determining a correction for an output value of a time-to-digital
converter within a phase-locked loop, the output value relating to a time difference between
an input signal and a reference signal supplied to the time-to-digital converter, comprising: a
means for generating a first signal independently from the output value, wherein the first sig-
nal has a first frequency different from an integer multiple of a reference frequency of the

reference signal; a means for generating the input signal for the time-to-digital converter
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based on the first signal, wherein the input signal has a second frequency being a fraction of
the first frequency; a means for calculating the correction using a distribution of output values

of multiple determined time differences.

In example 18, the means for providing the input signal in the means of example 17 is con-
figured to select a ratio of the second frequency to the first frequency based on a control

signal, and wherein the control signal is based on the output value.

Example 19 is a means for modifying an output value of a time-to-digital converter within a
phase-locked loop, the output value relating to a time difference between an input signal and
a reference signal supplied to the time-to-digital converter, comprising: a means for generat-
ing a first signal independently from the output value in a first mode of operation of the sys-
tem, wherein the first signal has a first frequency different from an integer multiple of a ref-
erence frequency of the reference signal; a means for generating, in the first mode, the input
signal for the time-to-digital converter based on the first signal, wherein the input signal has
a second frequency being a fraction of the first frequency; a means for calculating, in the first
mode, a correction for the output value using a distribution of output values of multiple time
differences, wherein the means for generating a first signal is configured to generate, depend-
ing on the output value, a second signal in a second mode of operation of the system, wherein
the means for generating the input signal is configured to generate, in the second mode, the
input signal based on the second signal, wherein the second frequency is a fraction of the
frequency of the second signal; and a means for modifying, in the second mode, the output

value by the correction.

In example 20, the means of example 19 further comprises a means for receiving the correc-
tion in the first mode and for supplying the correction to the means for modifying the output

value in the second mode.

Example 21 is a method for determining a correction for an output value of a time-to-digital
converter within a phase-locked loop, the output value relating to a time difference between
an input signal and a reference signal supplied to the time-to-digital converter, comprising:
generating a first signal independently from the output value, wherein the first signal has a
first frequency different from an integer multiple of a reference frequency of the reference

signal; generating the input signal for the time-to-digital converter based on the first signal,
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wherein the input signal has a second frequency being a fraction of the first frequency; and

calculating the correction using a distribution of output values of multiple time differences.

In example 22, generating the input signal for the time-to-digital converter in the method of
example 21 comprises selecting a ratio of the second frequency to the first frequency based

on a control signal, and wherein the control signal is based on the output value.

In example 23, generating the input signal in the method of example 22 comprises: comparing
the output value to a threshold; and modifying a constant signal based on a comparison result

to provide the control signal.

In example 24, modifying the constant signal in the method of example 23 comprises linearly
modifying a value represented by the constant signal by an offset value for an oscillation

period of the input signal.

In example 25, an absolute value of a difference between a ratio of the first frequency to the
reference frequency and a ratio of the integer multiple of the reference frequency to the refer-

ence frequency is smaller than about 0.05 in the method of any of the preceding examples.

In example 26, calculating the correction in the method of any of the preceding examples

comprises integrating the distribution of output values.

In example 27, integrating the distribution of output values in the method of example 26 com-
prises: collecting the distribution of output values in bins of a histogram, the bins correspond-

ing to a predetermined range of output values; and integrating contents of the bins.

Example 28 is a method for modifying an output value of a time-to-digital converter within a
phase-locked loop, the output value relating to a time difference between an input signal and
a reference signal supplied to the time-to-digital converter, comprising: calculating a correc-
tion for the output value in a first mode of operation, wherein calculating the correction com-
prises: generating a first signal independently from the output value, wherein the first signal
has a first frequency different from an integer multiple of a reference frequency of the refer-
ence signal; generating the input signal for the time-to-digital converter based on the first

signal, wherein the input signal has a second frequency being a fraction of the first frequencys;
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calculating the correction using a distribution of output values of multiple time differences;
and generating, depending on the output value, a second signal in a second mode of operation;
generating, in the second mode, the input signal based on the second signal, wherein the sec-
ond frequency is a fraction of the frequency of the second signal; and modifying, in the second

mode, the output value by the correction.

Example 29 is a computer readable storage medium having stored thereon a program having
a program code for performing the method of any of examples 21 to 28, when the program is

executed on a computer or processor.

Example 30 is a computer program having a program code configured to perform the method
of any of examples 21 to 28, when the computer program is executed on a computer or pro-

CESSor.

Examples may further provide a computer program having a program code for performing
one of the above methods, when the computer program is executed on a computer or proces-
sor. A person of skill in the art would readily recognize that steps of various above-described
methods may be performed by programmed computers. Herein, some examples are also in-
tended to cover program storage devices, e.g., digital data storage media, which are machine
or computer readable and encode machine-executable or computer-executable programs of
instructions, wherein the instructions perform some or all of the acts of the above-described
methods. The program storage devices may be, e.g., digital memories, magnetic storage me-
dia such as magnetic disks and magnetic tapes, hard drives, or optically readable digital data
storage media. Further examples are also intended to cover computers programmed to per-
form the acts of the above-described methods or (field) programmable logic arrays ((F)PLAs)
or (field) programmable gate arrays ((F)PGAs), programmed to perform the acts of the above-

described methods.

The description and drawings merely illustrate the principles of the disclosure. It will thus be
appreciated that those skilled in the art will be able to devise various arrangements that, alt-
hough not explicitly described or shown herein, embody the principles of the disclosure and
are included within its spirit and scope. Furthermore, all examples recited herein are princi-
pally intended expressly to be only for pedagogical purposes to aid the reader in understanding

the principles of the disclosure and the concepts contributed by the inventor(s) to furthering
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the art, and are to be construed as being without limitation to such specifically recited exam-
ples and conditions. Moreover, all statements herein reciting principles, aspects, and examples
of the disclosure, as well as specific examples thereof, are intended to encompass equivalents

thereof.

Functional blocks denoted as “means for ...” (performing a certain function) shall be under-
stood as functional blocks comprising circuitry that is configured to perform a certain func-
tion, respectively. Hence, a “means for s.th.” may as well be understood as a “means config-
ured to or suited for s.th.”. A means configured to perform a certain function does, hence, not

imply that such means necessarily is performing the function (at a given time instant).

Functions of various elements shown in the figures, including any functional blocks labeled

e

as “means”, “means for providing a sensor signal”, “means for generating a transmit signal.”,

3% Gk

etc., may be provided through the use of dedicated hardware, such as “a signal provider”, “a
signal processing unit”, “a processor”, “a controller”, etc. as well as hardware capable of ex-
ecuting software in association with appropriate software. Moreover, any entity described

PR INNTS

herein as “means”, may correspond to or be implemented as “one or more modules™, “one or
more devices”, “one or more units”, etc. When provided by a processor, the functions may be
provided by a single dedicated processor, by a single shared processor, or by a plurality of
individual processors, some of which may be shared. Moreover, explicit use of the term “pro-
cessor” or “controller” should not be construed to refer exclusively to hardware capable of
executing software, and may implicitly include, without limitation, digital signal processor
(DSP) hardware, network processor, application specific integrated circuit (ASIC), field pro-
grammable gate array (FPGA), read only memory (ROM) for storing software, random access

memory (RAM), and non-volatile storage. Other hardware, conventional and/or custom, may

also be included.

It should be appreciated by those skilled in the art that any block diagrams herein represent
conceptual views of illustrative circuitry embodying the principles of the disclosure. Simi-
larly, it will be appreciated that any flow charts, flow diagrams, state transition diagrams,
pseudo code, and the like represent various processes which may be substantially represented
in computer readable medium and so executed by a computer or processor, whether or not

such computer or processor is explicitly shown.
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Furthermore, the following claims are hereby incorporated into the detailed description,
where each claim may stand on its own as a separate example. While each claim may stand
on its own as a separate example, it is to be noted that - although a dependent claim may refer
in the claims to a specific combination with one or more other claims - other examples may
also include a combination of the dependent claim with the subject matter of each other de-
pendent or independent claim. Such combinations are proposed herein unless it is stated that
a specific combination is not intended. Furthermore, it is intended to include also features of
a claim to any other independent claim even if this claim is not directly made dependent to

the independent claim.

It is further to be noted that methods disclosed in the specification or in the claims may be
implemented by a device having means for performing each of the respective acts of these

methods.

Further, it is to be understood that the disclosure of multiple acts or functions disclosed in the
specification or claims may not be construed as to be within the specific order. Therefore, the
disclosure of multiple acts or functions will not limit these to a particular order unless such
acts or functions are not interchangeable for technical reasons. Furthermore, in some exam-
ples a single act may include or may be broken into multiple sub acts. Such sub acts may be

included and part of the disclosure of this single act unless explicitly excluded.
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Claims

What is claimed is:

1. A system (100) for determining a correction (141) for an output value (111) of a time-
to-digital converter (110) within a phase-locked loop, the output value (111) relating to a time
difference between an input signal (131) and a reference signal (101) supplied to the time-to-

digital converter (110), comprising:

a digitally-controlled oscillator (120) configured to generate a first signal (121) independently
from the output value (111), wherein the first signal (121) has a first frequency different from

an integer multiple of a reference frequency of the reference signal (101);

a frequency divider (130) configured to generate the input signal (131) for the time-to-digital
converter (110) based on the first signal (121), wherein the input signal (131) has a second

frequency being a fraction of the first frequency; and

a processing unit (140) configured to calculate the correction (141) using a distribution of

output values of multiple time differences.

2. The system of claim 1, wherein the frequency divider (130) is configured to select a
ratio of the second frequency to the first frequency based on a control signal (161), and

wherein the control signal (161) is based on the output value (111).

3. The system of claim 2, wherein the system further comprises:

a comparator (150) configured to compare the output value (111) to a threshold (152); and

a signal modification unit (160) configured to modify a constant signal (162) based on a com-

parison result (151) of the comparator (150) to provide the control signal (161).

4. The system of claim 3, wherein the signal modification unit (160) is configured to
linearly modify a value represented by the constant signal (162) by an offset value for an

oscillation period of the input signal (131).
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5. The system of claim 4, further comprising an offset provision unit (253) configured to
supply the offset value to the signal modification unit (160) based on the comparison result

(151) of the comparator (150).

6. The system of claim 3, claim 4 or claim 5, wherein the frequency divider (130) com-
prises a multi-modulus divider (230), and wherein the system further comprises a sigma-delta
modulator (270) configured to generate the constant signal independently from a second input

signal provided to the sigma-delta modulator (270).

7. The system of any of claims 1 to 5, wherein an absolute value of a difference between
a ratio of the first frequency to the reference frequency and a ratio of the integer multiple of

the reference frequency to the reference frequency is smaller than about 0.05.

8. The system of any of claims 1 to 5, wherein the processing unit (140) comprises an

integrator (240-2) configured to integrate the distribution of output values.

9. The system of claim 8, wherein the processing unit (140) is further configured to col-
lect the distribution of output values in bins of a histogram (240-1), the bins corresponding to
a predetermined range of the output values, and wherein the integrator (240-2) is further con-

figured to integrate contents of the bins.

10.  The system of any of claims 1 to 5, wherein the system further comprises a loop filter
(280) configured to receive the output value (111), and wherein the loop filter (280) is further
configured to generate a further control signal (281) for the digitally-controlled oscillator

(120) independently from the output value (111).

11. A system for modifying an output value of a time-to-digital converter within a phase-
locked loop, the output value relating to a time difference between an input signal and a ref-

erence signal supplied to the time-to-digital converter, comprising:

a digitally-controlled oscillator configured to generate a first signal independently from the
output value in a first mode of operation, wherein the first signal has a first frequency different

from an integer multiple of a reference frequency of the reference signal;

a frequency divider configured to generate, in the first mode, the input signal for the time-to-
digital converter based on the first signal, wherein the input signal has a second frequency

being a fraction of the first frequencys;
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a processing unit configured to calculate, in the first mode, a correction for the output value

using a distribution of output values of multiple time differences,

wherein the digitally-controlled oscillator is configured to generate, depending on the output

value, a second signal in a second mode of operation,

wherein the frequency divider is configured to generate, in the second mode, the input signal
based on the second signal, wherein the second frequency is a fraction of the frequency of the

second signal; and
a correction unit configured to modify, in the second mode, the output value by the correction.

12.  The system of claim 11, further comprising a loop-up table configured to receive, in
the first mode, the correction and to supply, in the second mode, the correction to the correc-

tion unit.

13. A transmitter (621) comprising a system for determining a correction for an output
signal of a time-to-digital converter within a phase-locked loop according to any of claims 1
to 10/ or a system for modifying an output value of a time-to-digital converter within a phase-

locked loop according to any of claims 11 and 12.

14.  Areceiver (622) comprising a system for determining a correction for an output signal
of a time-to-digital converter within a phase-locked loop according to any of claims 1 to 10/
or a system for modifying an output value of a time-to-digital converter within a phase-locked

loop according to any of claims 11 and 12.

15. A mobile communications (600) device comprising a transmitter according to claim

13 and / or a receiver according to claim 14.

16.  The mobile communications device of claim 15, further comprising at least one an-

tenna coupled to the transmitter and / or the receiver.

17. A method (700) for determining a correction for an output value of a time-to-digital
converter within a phase-locked loop, the output value relating to a time difference between

an input signal and a reference signal supplied to the time-to-digital converter, comprising:

generating (702) a first signal independently from the output value, wherein the first signal
has a first frequency different from an integer multiple of a reference frequency of the refer-

ence signal;
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generating (704) the input signal for the time-to-digital converter based on the first signal,

wherein the input signal has a second frequency being a fraction of the first frequency; and

calculating (706) the correction using a distribution of output values of multiple time differ-

€nces.

18.  The method of claim 17, wherein generating (704) the input signal for the time-to-
digital converter comprises selecting a ratio of the second frequency to the first frequency

based on a control signal, and wherein the control signal is based on the output value.
19.  The method of claim 18, wherein generating the input signal (704) comprises:
comparing the output value to a threshold; and

modifying a constant signal based on a comparison result to provide the control signal.

20.  The method of claim 19, wherein modifying the constant signal comprises linearly
modifying a value represented by the constant signal by an offset value for an oscillation

period of the input signal.

21.  The method of any of the preceding claims, wherein an absolute value of a difference
between a ratio of the first frequency to the reference frequency and a ratio of the integer

multiple of the reference frequency to the reference frequency is smaller than about 0.05.

22.  The method of any of claims 17 to 20, wherein calculating (706) the correction com-

prises integrating the distribution of output values.

23.  The method of claim 22, wherein integrating the distribution of output values com-

prises:

collecting the distribution of output values in bins of a histogram, the bins corresponding to a

predetermined range of output values; and
integrating contents of the bins.

24. A method (800) for modifying an output value of a time-to-digital converter within a
phase-locked loop, the output value relating to a time difference between an input signal and

a reference signal supplied to the time-to-digital converter, comprising:
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calculating (802) a correction for the output value in a first mode of operation, wherein cal-

culating the correction comprises:

generating (802-1) a first signal independently from the output value, wherein the first
signal has a first frequency different from an integer multiple of a reference frequency of the

reference signal;

generating (802-2) the input signal for the time-to-digital converter based on the first

signal, wherein the input signal has a second frequency being a fraction of the first frequencys;

calculating (802-3) the correction using a distribution of output values of multiple time

differences; and

generating (804), depending on the output value, a second signal in a second mode of opera-
tion;

generating (806), in the second mode, the input signal based on the second signal, wherein
the second frequency is a fraction of the frequency of the second signal; and

modifying (808), in the second mode, the output value by the correction.

25. A computer readable storage medium having stored thereon a program having a pro-
gram code for performing the method of any of claims 17 to 24, when the program is executed

ona Cornputer Or processor.



PCT/IB2016/053359

WO 2016/207758

1/6

~~ L2l

0cl

0S1 W ovl

—> 1Pl

oLl

!

101

~~ L




WO 2016/207758 PCT/IB2016/053359
2/6

200

éf,,,y' A24

eprped

¥ T
k R
TR R ©

&N W
¥ 3 S
.3-“ . - k QZ i:i
] o e aw 5}; ¥
3 E::::‘ N 3 " 2 -
N . ARRTRER 3

Pt i W

& % @
t B 0 S
3 P N X
~, X s
~d & i~

230

A R A

prrrrrrr,

> e
= o oy \§\
ERRRLIICE S S
e A
‘. \k B RO
P
N o sl Ead
Rt -.\\\\\\\\\Q & %"""» Syt
WY 3
TR o4
heSs

x

i

Fig. 2

SN, R AR R

TS
Q2

-

>
s 1 : w
Ty : 3

wnt 3 3 L5 )
T

o

A;vvi

&%

AL
i _

o

\«\»M\)\“\ e [0
SN N >

ot
\&\\\\\v R

M
%

250

/

e
%
%

Z} {‘L
Y
Grroricoriirrossoseoiee,

R asiiss

{
prr]

(4

W

ek R

5

N -

& LN
& A e

5
1
%

xl

ey

H S
By Py
—— £ R
N Q N 3

3 & &
Ry qﬁ\>\\\\\: Ry \\\\\,\\\\\\\\'\\

.
)
H et
§
H

A
P




WO 2016/207758 PCT/IB2016/053359

3/6

b DCO periads

oo
time

Fig. 3

£, % SAB0.95 MM, £, < 384 b

30858 Sampiss, TRC restlution = 4:00 ps, TOC DAL Sigma = 1.00ps
& T T ¥ T H T T T
5 e
4 e el ~i
3 \ :

e somee b

nsryet

‘S:\ .
) H } i i 1 i ) 5 ;
250 285 260 65 270 275 288 28& 380 295 300

TRO Quiput Valkue

Fig. 4



PCT/IB2016/053359

WO 2016/207758

4/6

pii

G

E5y

piom puueyd

G B

pES

5

G353

| )4 doot |

HUeL
dnyoo




WO 2016/207758

5/6

620

/

621

622

|

640

630

Fig. 6

600

PCT/IB2016/053359



WO 2016/207758

\

702

A

704

A

706

6/6

generating a first signal

l

generating the input signal

l

calculating the correction

Fig. 7
/\/ generating a first signal
802 |
802-1 |
generating the input signal

/__/ based on the first signal
802-2

/J calculating the correction
802-3

A

804

It

806

808

generating a second signal

generating the input signal
based on the second signal

modifying the output value by the correction

Fig. 8

PCT/IB2016/053359

700

800



INTERNATIONAL SEARCH REPORT

International application No.
PCT/IB2016/053359

A. CLASSIFICATION OF SUBJECT MATTER

HO04L 7/033(2006.01)I, HO3L 7/085(2006.01)I, HO3L 7/197(2006.01)I, HO3L 7/099(2006.01)I

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO04L 7/033; HO3L 7/00; HO3K 3/027; HO3L 7/06; HO3L 7/08; HO3L 7/085; HO3L 7/197; HO3L 7/099

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

oscillator), frequency divider, calibration, correction

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

eKOMPASS(KIPO internal) & keywords: TDC (time-to-digital converter), DCO (digitally-controlled

C. DOCUMENTS CONSIDERED TO BE RELEVANT

See paragraphs [0092]-[0104] and figures 4-5.

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 2015-047280 A1 (INTEL CORP. et al.) 02 April 2015 1,7,10-17,21,24-25
See paragraphs [0015], [0027]-[0031], [0052]-[0059], [0071] and figures 7, 12.

Y 2-6,18-20

A 8-9,22-23

Y US 2013-0278303 A1 (YEN-JEN CHEN et al.) 24 October 2013 2-6,18-20
See paragraphs [0026], [0029] and figures 1-2.

A US 2012-0249195 A1 (XIAOCHUAN GUO et al.) 04 October 2012 1-25
See paragraphs [0015]-[0017] and figure 1.

A US 2013-0002317 A1 (EMMANOUIL FRANTZESKAKIS et al.) 03 January 2013 1-25
See paragraphs [0048]-[0050] and figure 5.

A US 2009-0267664 A1 (TOSHIYA UOZUMI et al.) 29 October 2009 1-25

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
19 August 2016 (19.08.2016) 07 September 2016 (07.09.2016)
Name and mailing address of the [SA/KR Authorized officer

KIM, Seong Woo

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-3348

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/IB2016/053359
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2015-047280 Al 02/04/2015 DE 112013007280 ThH 14/04/2016
US 2013-0278303 Al 24/10/2013 US 2015-0130518 Al 14/05/2015
US 8953730 B2 10/02/2015
US 2012-0249195 Al 04/10/2012 CN 102739246 A 17/10/2012
TW 201242259 A 16/10/2012
US 8570107 B2 29/10/2013
US 2013-0002317 Al 03/01/2013 US 2014-0021991 A1l 23/01/2014
US 2014-0021992 Al 23/01/2014
US 8508266 B2 13/08/2013
US 8669798 B2 11/03/2014
US 8686770 B2 01/04/2014
US 2009-0267664 Al 29/10/2009 JP 05564550 B2 30/07/2014
JP 2009-268047 A 12/11/2009
JP 2013-102458 A 23/05/2013
US 2011-0064150 Al 17/03/2011
US 7859344 B2 28/12/2010
US 8754713 B2 17/06/2014

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - wo-search-report
	Page 40 - wo-search-report

