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ABAPTIVE CLOCK DUTY-CYCLE CONTROLLER

CROSS-REFERENCE TO RELATED APPLICATION

[0081] This application clairas priority to and the benefit of Non-Provisional Patent Application
Serial No. 17/483,357 filed in the United States Patent Office on September 25, 2021, the
entive content of which is incorporated herein as if fully set forth below in its entirety and

for all applicable purposes.

BACKGROUND
Field

16002} Aspects of the present disclosure relate generally to clock distribution, and, more

particularly, to duty-cycle distortion in a clock distribution network.

Background

[6003] A systemi may include a clock generator {¢.g., a phase-locked loop) configured to generate
a clock signal for timing operations of one or more circuits (e.g., flip-flops} in the system.
The system may also include a clock distribution network (also veferred to as a clock tree)
for distributing the clock signal from the clock generator to the one or more circuits. A
challenge facing clock distribution is that asyrametric aging in onc or more signal paths
of the clock distribution network can cause duty-cycle distortion in the clock signal, which

can lead to uming issues {e.g., timing violations) in the one or more circuils.

SUMMARY

16004} The following presents a simplified summary of one or more implementations in order to
provide a basic understanding of such implementations. This sumiary is notf an extensive
overview of all contemplated implementations and is intended to neither identify key or
critical elements of a2l implementations nor delincate the scope of any or all
implementations. s sole purpose is to present some concepts of one or more
unplementations in a simplified form as a prelude to the more detailed description that is
presented later,

[6065] A first aspect relates to a duty-cyele adjuster. The duty-cycle adjuster includes a first

witiplexer having a first input, a second input, a sclect input, and an output, wherein the
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first input of the first nultiplexer s coupled to an input of the duty-cycle adjuster. The
duty-cycle adjuster also includes a first inverter coupled between the input of the duty-
cycle adjuster and the second input of the first muluplexer, and a phase extender having
a signal input, a control inpwt, and an output, whercin the signal input of the phase
exiender is coupled to the output of the first multiplexer. The duty-cycle adjuster also
includes a second multiplexer having a first input, 4 second input, a select input, and an
output, wherein the first input of the second multiplexer is coupled to the cutput of the
phase extender, and the output of the second multipiexer is coupled o an output of the
duty-cycle adjuster, and a sccond inverter coupled between the output of the phase
extender and the second mput of the second multiplexer.

A second aspect relates to 8 high-phase extender. The high-phase extender includes an
R gate having a first input, a second input, and an output, wherein the first input of the
R gate is coupled to an input of the high-phase extender, and the output of the OR gate
is coupled to an outpot of the high-phase extender. The high-phase extender also includes
delay devices coupled in series between the input of the high-phase extender and the
second input of the OR gate, wherein each of two or more of the delay devices has a
respective fivst signal input, a respective second signal input, and a respective control
input, wherein the respective first signal input of each of the two or more of the delay
devices is coupled to a respective other one of the delay devices, and the respective second
signal input of cach of the two or more of the delay devices is coupled to the input of the
high-phase extender, and wherein each of the two or move of the delay devices is
configured to receive a respective control signal at the respective control input, enable a
respective delay output if the respective control signal has a first logic value, and disable
the respective delay output if the respective control signal has a second logic value.

A third aspect relates to a low-phase extender. The low-phase extender inclades an AND
gate having a first input, a second input, and an output, wherein the first input of the AND
gate is coupled o an input of the low-phase cxtender, and the output of the AND gate is
coupled to an output of the low-phase extender. The low-phase extender also includes
delay devices coupled in series hetween the inpuot of the low-phase extender and the
second nput of the AND gate, wherein each of two or more of the delay devices has a
respective first signal input, a respective second signal input, and a respective control
input, wherein the respective first signal input of cach of the two or more of the delay
devices is coupled to a respective other one of the delay devices, and the respective second

signal input of cach of the two or more of the delay devices is coupled to the input of the
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low-phase extender, and wherein each of the two or more of the delay devices is
configured to receive a respective control signal at the respective control input, cnable a
respective delay output if the respective control signal has a first logic value, and disable
the respective delay output if the respective control signal has a second logic value.

A fourth aspect relates to a method of phase extension using a delay civcuit including

-

delay devices coupled in series. The method includes receiving a clock signal, generating
multiple delayed versions of the clock signal, wherein each of the delayed versions of the
clock signal is delayed by a different number of the delay devices, and combining high
phases or low phases of the delayed versions of the clock signal to obtamn a combined
clock signal.

BRIEY DESCRIPTION OF THE BRAWINGS

FIG. 1 shows an example of a system including a clock distribution network according to
certain aspects of the present disclosure.

Fi(5. 2A shows an example of a signal path including delay buffers according fo certain
aspects of the present disclosure.

FiG. 2B shows an example tn which an input of the signal path is held low in an idle
mode according to certain aspects of the present disclosure.

FiG. 2 illustrates an example of duty-cycle distortion in the signal path due to
asymmetric aging according to cerfain aspects of the present disclosure.

FIG. 3 shows an example of an adaptive clock duty-cyele controller according to certain
aspects of the present disclosure.

Fi(5. 4 shows an example of a timing measurement circuit including a ring oscillator
according to certain aspects of the present disclosure.

FiG. 3 shows an example of a timing measurement circuit including a time-to-digital
converter according to certain aspects of the present disclosure.

FIG. 6 is a timing diagraro showing an exarople of 2 clock signal according fo certain
aspects of the present disclosure.

FIG. 7 shows an exemplary tmplementacon of a launch circuit and a captire circuit
according to certain aspects of the present disclosure.

FiG. 8A is a iming diagram showing an example of a high-phase measurement according
to certain aspects of the present disclosure.

FIG. 8B s a timing diagram showing an example of a low-phase measurement according

to cerfain aspects of the present disclosure.
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[6020] FIG. 8C is a timing diagram showing an example of a clock period measurement
according to certain aspects of the present disclosure.

[8621] FIG. 8D is a timing diagram showing another example of a clock period measorement
according to certain aspects of the present disclosure.

[6022] FIG. 9 shows an exemplary implementation of a time-to-digital converter according to
certain aspects of the present disclosure.

16023] FIG. 10 shows ancther exemplary implementation of a time-to-digital converter
according to certain aspects of the present disclosure.

[0024] FIG. 11 shows an exemplary ioplementation of a delay circuit according to certain
aspects of the present disclosure.

[8625] FIG. 12 shows an exemplary implementation of a daty-cycle adjuster according to certain
aspects of the present disclosure.

[0026] FIG. 13 shows an exemplary Umplementation of a high-phase extender according to
certain aspects of the present disclosure.

16027} FIG. 14A is a timing diagram showing an example of high-phase extension according to
certain aspects of the present disclosure.

[8028] FIG. 148 is a timing diagram showing an example of high-phase extension resulting in a
glitch according to certain aspects of the present disclosure.

{0029] FIG. 15A shows another exeraplary implementation of a high-phase extender according
to certain aspects of the present disclosure.

[6030] FIG. 158 is a timing diagram showing an examiple of multiple delayed versions of a clock
signal generated in the igh-phase extender according to certain aspects of the present
disclosure.

[6031] FIG. 16 shows still another exemplary implementation of a high-phase extender
according to certain aspects of the present disclosure.

{8032] FIG. 17 shows another exemplary implementation of a duty-cycle adjuster according to
certain aspects.

[6033] FIG. 18 shows an exemplary implementation of a low-phase extender according to certain
aspects of the present disclosure.

16034] FIG. 19 15 a flowchart iHlustrating 2 method of phase extension according to certain

aspects of the present disclosure.

BETAILED DESCRIPTION
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[035] The detailed description set forth below, in counection with the appended drawings, is
intended as a description of various configurations and is not intended to represent the
only configurations in which the concepts described herein may be practiced. The
detailed description includes specific details for the purpose of providing a thorough
understanding of the various concepts. However, it will be apparent to those skilled in
the art that these concepts may be practiced without these specific details. In some
instances, well-known structures and components are shown in block diagram form in
order to avoid obscuring such concepts.

[0036] FIG. 1 shows an cxample of a systern 110 including a clock generator 115, a clock
distribution network 120, and muluple circuits 150-1 to 150-3 according to certain
aspects.  The clock generator 115 is configured to generate a clock signal for tming
operations of the circuits 150-1 10 150-3. The clock generator 115 may be implementad
with a phase-locked loop (PLL) or another type of clock generator 115, The clock
distribution network 120 (also referred to as a clock tree) is configured to distribute the
clock signal from the clock generator 115 to the circuits 150-1 to 150-3. As used herein,
a “clock signal” may be a periodic signal that oscillates between high and low. A clock
signial may be used, for example, to time operations of synchronous digital civcuits or
other types of circuits. A clock signal has a duty cycle, which may be expressed as a
percentage or a fraction of a clock period (i.e., clock cycle) in which the clock signal is
high (i.c., one). A clock signal may be gated to save power (¢.g., when the circuits 150-
1 t0 150-3 are not acuive). Clock gating is a known technique for reducing dynamic power
consumption when one or more circgits are not active.

16037] In the exaraple shown in FIG. 1, each of the circuits 150-1 to 150-3 may include respective
flip-flops 155-1 10 155-3, which are clocked by the clock signal. ft is to be appreciated
that the circuits 150-1 to 150-3 are not Himited to flip-flops and may include other devices
in addition to or instead of the flip-flops 155-1 to 155-3.

18038] In this example, the clock generator 115 is coupled o an input 122 of the clock
distribution network 120, and cach of the circuits 150-1 to 150-3 is coupled 1o a respective
output 124-1 to 124-3 of the clock distribution network 120, The clock distribution
network 120 receives the clock signal from the clock generator 115 via the input 122 (also
referred to as a roof node) and distributes the clock signal to the circuits 150-1 to 150-3
via the outputs 124-1 10 124-3 (also referred to as leaf nodes).

[8039] In the example shown in FIG. 1, the clock distribution network 120 includes a signal path

125, and delay buffers 132, 134, and 136. The signal path 125 includes delay buffers
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130-1 to 130-n coupled in series. 1t is to be appreciated that the clock distribution network
120 may include additional delay buffers and/or other components not shown in FIG. 1.
For example, the clock distribution network 120 may include adaptive clock distributon
{not shown) to mitigate the impact of supply voltage droops. The clock distribution
network 120 may also include one or more clock gating circuiis (also referred to as clock
gating cclis} to gate the clock signal when the circaits 150-1 to 150-3 are idle to reduce
dynamic power consumption when the circuits 150-1 to 150-3 are idle.  As used herein,
a “signal path” is a path through which a signal {c.g., a clock signal) propagates, and may
inchude one or more delay buffers and/or one or more other components (e.g., a splitter,
an amplifier, a switch, a voltage-fevel shifter, ete.).

A challenge with the clock distribution network 120 1s that asymunetric aging i the clock
distribution network 120 can cause duty-cycle distortion in the clock signal at the leaf
nodes (i.c., the outputs 124-1 to 124-3), which are coupled to the cireuits 150-1 to 130-3.
The duty-cycle distortion can lead to timing issues (e.g., timing violations} in the civcaits
150-1 o0 150-3 if not corrected.

An exaraple of duty-cycle distortion duc to asymumetric aging in the signal path 125 of
the clock distribution network 120 will now be discussed with reference to FIGS. 2A o
2C. FIG. 2A shows an example of the signal path 125 including the delay buffers 130-1
o 130-5 coupled in series. It is to be appreciated that the signal path 123 is not limited
to the number of delay buffers 130-1 to 130-8 shown in FIG. 2A and that the signal path
125 may inclade a different normber of delay buffers.

In the example shown in FIG. ZA, each of the delay buffers 138-1 to 130-8 is implemented
with a respective complementary inverter including a fiest respective transistor 225-1 to
225-8 (e.g., n-type field cficet transistor (NFET)) and a second respective transistor 230-
1 to 230-8 (e.g., p-type ficld effect ransistor (PFET)). However, it is to be appreciated
that each of the delay buffers 130-1 to 130-8 may be implemented with another type of
circuit or logic gate. It is also to be appreciated that a delay buffer may include two
mverters coupled in series to implernent a non-inverting delay buffer. In this case, the
delay buffers 130-1 and 130-2 in FIG. 2A may be considered a first non-inverting delay
buffer, the delay buffers 130-3 and 130-4 in FIG. 2A may be considered a second non-
inverting delay buffer, and so forth.

In certain aspects, a clock gating circuit (not shown} may be coupled between the clock

generator 115 and the input of the signal path 125, In this example, the clock gating
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circutt may he configured to pass the clock signal in an active mode and to gate the clock
signal (i.e., block the clock signal) in an idle mode to conserve power in the idle mode.
FIG. 2B shows an example in which the clock signal is gated in the idle mode and the
input of the signal path 123 is held low (i.e., logic zero) in the idle mode. FHG. 2B alse
shows the logic state at the output of cach of the delay buffers 130-1 t0 130-8 inthe idie
wde. As shown in FIG. 2B, the logic states at the outputs of the delay buffers 130-1 10
130-8 alternate between one and 7ero since the delay buffers 130-1 to 130-8 are
implemented with inverters in this exarmpie.
In this example, the transistors 230-1, 225-2, 230-3, 225-4, 230-5, 225-6, 230-7, and 225-
& are turned on in the idle mode while the transistors 225-1, 230-2, 225-3, 230-4, 225-5,
230-6, 225-7, and 230-8 are turned off in the idle mode. In FIG. 2B, the transistors that
are turned on are shown with thickened lines. The transistors 230-1, 225-2, 230-3, 225-
4, 230-5, 225-6, 230-7, and 225-8 that are turned on in the idie mode are stressed in the
idle mode, 1n which a DC voltage approximately equal o the supply voltage Vdd is
applied across the gate to source of each of the transistors 230-1, 225-2, 230-3, 225-4,
230-5, 225-6, 230-7, and 225-8. The voltage stress in the idle mode causcs the transistors
230-1, 225-2, 230-3, 225-4, 230-5, 225-6, 230-7, and 223-8 to age more than the
ansistors 225-1, 233-2, 225-3, 230-4, 225-5, 230-6, 225-7, and 230-8 that are tyned off
in the idle mode, which results in asymmetric aging of the transistors in the signal path
125.
In this example, the asyvoupetric aging increases the threshold voltages of the transistors
230-1, 225-2, 230-3, 225-4, 230-5, 225-6, 2307, and 225-8, which slows down the
transistors 230-1, 225-2, 230-3, 225-4, 230-5, 225-6, 230-7, and 225-8 relative to the
transistors 225-1, 230-2, 225-3, 230-4, 225-5, 2306, 225-7, and 230-8. The slowing
down of the transistors 230-1, 225-2, 230-3, 225-4, 230-5, 225-6, 230-7, and 225-8 cause
the falling edge delay at the output of the signal path 125 to increase relative to the rising
edge delay at the output of the signal path 125. This is because a falling edge (i.e,, falling
transition) of the clock signal propagates to the output of the signal path 125 by
sequentially turning on the transistors 230-1, 225-2, 230-3, 225-4, 230-5, 225-6, 230-7,
and 225-8 that are stressed in the idle mode while a rising edge {i.e., rising transition) of
the clock signal propagates to the cutput of the signal path 125 by sequentially turning on
the transistors 225-1, 230-2, 225-3, 230-4, 225-5, 230-6, 225-7, and 230-8 that are not
stressed in the idle mode. The inerease in the falling edge delay relative to the rising edge

delay causes a duty-cycle distortion in the signal path 125.
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Arn example of the duty-cycle distortion is illustrated in the timing diagraro shown in FIG.
2C. In the example shown in FIG. 2C, a clock signal 250 is the input to the signal path
125 when the signal path 125 is not in the idle mode {i.e., the signal path 125 is active).
In this exampie, the clock signal 250 at the input of the signal path 125 has a 50% duty
cycle. FIG. 2C also shows the clock signal 260 at the ocutput of the signal path 125 after
the clock signal has propagated through the signal path 123, The signal path 123 delays
a ristng edge of the clock signal 260 by delay T:rand delays a falling edge of the clock
signal 260 by delay Tr. As shown in FIG. 2C, the delay Ty of the falling edge is longer
than the delay T, of the rising edge due to the asyrametric aging of the transistors in the
signal path 123 discussed above. The longer delay of the falling edge causes the duty
cycle of the clock signal 260 at the output of the signal path 125 to increase {i.e., results
in a duty cycle greater than 50%). Thus, in this example, the duty-cycle distortion due to
asymmetric aging increases the duty cyele of the clock signal.

Asymmetric aging also occurs for the case where the input of the signal path 125 is held
high in the idle mode. In this casc, the asymmetric aging causes the rising edge delay of
the signal path 125 to increase relative to the falling edge delay of the signal path 125,
resulting n duty-cycle distortion that decreases the doty cyele of the clock signal. Thus,
asymmetric aging of the transistors in the signal path 125 causes duty-cycle distortion
over time. The duty-cycle distortion can either increase or decrease the duty cycle of the
clock signal depending on, for example, whether the input of the signal path 125 is held
low or high in the idle mode, the number of delay buffers in the signal path 125, and/or
other factors.

FIG. 3 shows an example of an adaptive duty-cycle controller 305 configwred to
compensate for duty-cycle distortion according to certain aspects. The adaptive duty-
cycle controtler 305 includes a timing measurement circuit 310, a duty-cycle adjuster 320,
and a duty-cycle control circuit 330

The timing measurement circuif 310 has an input 312 and an ovtput 314, In the example
m FiG. 3, the input 312 of the tining measurement circuit 319 is coupled to a leaf node
(i.e., output 124-3) of the clock distribution network 120. However, it is to be appreciated
that the input 312 of the timing measurement circuit 310 may be coupled to another node
in other cxamples, as discussed further below. The timing racasurement circuit 310 is
configured to receive the clock signal at the input 3172, moeasure one or more foming
parameters of the clock signal, and output a measurement signal based on the one or more

measured timing parameters. The one or more timing paramcters provide information
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related to the duty cycle of the clock signal received at the input 312 of the tinung
measurement circuit 310, For exaropie, the one or more timing parameters may inchide
a measurement of a high phase of the clock signal, in which the high phase is a dwration
that the clock signal is high (i.e., ong) during one clock period (i.e., onc perind of the
clock signaly. In this example, for a given clock period, a larger high phase is indicative
of a larger duty eycle and a smaller high phase is indicative of a smaller duty cycle. The
one of more Gming parameters may also include a measurement of a low phase of the
clock signal, in which the low phase is a duration that the clock signal is low (i.e., zcro)
during one clock period. In this example, for a given clock period, a larger low phase is
indicative of a smaller duty cycle and a smaller low phase is indicative of a larger duty
cycle.

{8051] In the example in FIG. 3, the timing measurement circuit 310 is coupled 1o the ieaf node

{(i.e., output 124-3). Thus, in this exarnple, the tuning measurement circuit 310 receives
the clock signal after the clock signal has undergone duty-cycle distortion in the clock
distribution network 120, As a result, the measurement signal from the timing
measurement circuit 310 provides information on the duty-cycle distortion of the clock
signal at the leafl node due to the aging effect in the clock distribution network 120. The
wining measurement circuit 310 may also be referred to as a duty-cycle monitor, a duty-
cycle measurement circuit, a duty-cycle detector, or another torm.

[0052] The duty-cyele adjuster 320 has a signal input 322, a control input 326, and an output
324, The signal input 322 is coupled to the clock generator 115 and the output 324 1
coupled to the clock distribution network 128, In the exampie in FIG. 3, the output 324
of the duty-cyele adjuster 320 is coupled to the root node (i.e., input 122) of the clock
distribution network 120, The duty-cycle adjuster 320 is configured to receive the clock
signal at the signal input 322, adjust the daty cycle of the clock signal (i.e., perform a
duty-cycle adjustment of the clock signal}, and output the clock signal after the duty-cyele
adjustment at the output 324, The clock signal at the ouiput 324 may also be referred to
as the duty-cycle adjusted clock signal since the duty-cycle adjuster 320 adjusts the duty
cycle of the clock signal received at the input 322 to generate the duty-cycle adjusted
clock signal at the output 324. The duty-cyele adjuster 320 is configured to adjust the
duty cvele of the clock signal based on a control signal received at the control input 326,
as discussed further below. Since the output 324 of the duty-cycle adjuster 320 is coupled
1o the root node (Le., input 122} of the clock distribution network 12010 this example, the

duty-cyele adjuster 320 provides duty-cycle adjustment of the clock signal at the root
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node. However, i is to be appreciated that the present disclosure is not limited to this
example.

[8053] The duty-cycle control circuit 330 has an input 332 and an ovtput 334, The inpat 332 is
coupled to the output 314 of the timing measurement circuit 310 and the output 334 is
coupled o the control input 326 of the dutyv-cycle adjuster 320. The duty-cvcle control
civcuit 330 is configured to receive the measurement signal from the tirning measurement
civepit 310, and set the duty-cycle adjustment of the clock signal by the doty-cycle
adjuster 320 via the control input 326 based on the measurement signal.

{6034} In one cxample, the duty-cycle control circuit 330 compensates for the duty-cycle
distortion in the clock distribution network 120 by determining a duty-cyele adjustment
based on the measurement signal from the timing measurement circuit 310 and setting the
duty-cyele adjustment of the duty-cycle adjuster 320 based on the determined duty-cycle
adjustment. For cxampie, the measurcment signal from the timing racasurement circuit
310 may ndicate the high phase of the clock signal measored at the leaf node. In this
example, the duty-cycle control circuit 330 may compare the measured high phase with
a target high phase corresponding to a target duty cycle to determine a duty-cycle
adjostraent for the duty-cycle adjuster 320. For an example in which the target duty cycle
is a 50% duty cycle, the target high phase is approximately equal to half a clock period.
If the measured high phase is greater than the target high phase (which occurs when the
duty cycle of the clock signal at the leaf node 15 greater than the target duty cyele), then
the duty-cycle control circuit 330 may determine a duty-cycle adjustment for the daty-
cycle adjuster 320 that decreases the duty cycle of the clock signal at the leaf node. In
this case, the decrease in the duty cycie reduces the difference between the duty cycle of
the clock signal at the leaf node and the target duty cycle. i, on the other hand, the
measured high phase is less than the target high phase (which occurs when the duty cycle
of the clock signal at the leaf node is less than the target duty cyele), then the duty-cycle
control circuit 330 may determine a duty-cycle adjustment for the duty-cycle adjuster 328
that increases the duty cyele of the clock signal at the leaf node. Other examples for
determining the duty-cycle adjustment for the duty-cycle adjuster 320 are discussed
further below.

[H055] Thus, in this example, the adaptive duty-cycle controller 305 monitors the duty cyele of
the clock signal at the leaf node using the timing measurement circuit 310, and adjusts
the duty cycle of the clock signal at the root node based on the measurement signal from

the timing measwrement circuit 310 to compensate for the duty-cycle distortion in the
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clock distribution network 120, In certain aspects, the adaptive duty-cycle controlier 305
may perform the duty-cycle adjostrnent each time the system 110 is booted.

In the example in FIG. 3, the adaptive duty-cycle controller 305 monitors the duoty cycle
of the clock signal at one leaf node (i.c., output 124-3) using the timing measurcment
circuit 310, In this example, there may be a high correlation between the duty cycle
distortion at the leaf node coupled to the timing reasurernent circuit 310 and the duty
cycle distortion at each of the other leafl nodes (i.e., outputs 124-1 and 124-2}. However,
it is to be appreciated that the adaptive duty-cycle controller 305 is not limited to this
exarople. In another exarople, the adaptive duty-cycle controlier 305 moay include multiple
fming measurement circuits, in which each of the timing measurement circuits is coupled
wy arespective leat node for monitoring the duty cycle of the clock signal at the respective
leaf node.

It is 10 be appreciated that the timing roeasurerent circuit 310 is not Jimited to being
coupled to a leat node. For example, in some applications, the Uming measurement circuii
310 may be coupled to a node located before the clock distribution network 120 or a node
located within the clock distribution network 120, This may be done, for examaple, to
provide duty-cycle compensation for another effect that causes doty-cycle distortion of
the clock signal besides the aging effect in the clock disuibution network 120 discussed
above. In one example, the clock generator 115 may introduce duty-cycle distortion into
the clock signal. To provide compensation for the duty-cycle distortion in the clock
generator 115 in this example, the timing measurement circuit 310 may be coupled to the
cutput 324 of the duty-cycle adjuster 320 before the clock distribution network 120. In
another example, the iming measurement circuit 310 may be coupled 0 2 node within
the clock distribution network 120 to provide duty-cycle compensation within the clock
distribution network 120. Thus, it is to be appreciated that the timing measurement circuit
310 may be coupled to any one of a number of nodes in a system {e.g., system 110) to
provide duty-cycle compensation for various cffects in the system that cause duty-cycle
distortion.

A challenge with tuplementing the tming roeasurernent circuit 310 is achieving a high-
resolution thning measurement. High resohution allows more precise compensation of
duty-cycle distortion {(e.g., in the clock distribution petwork 120 and/or the clock
generator 115). Achieving a high-resolufion fiming roeasurernent becomes even more
challenging as the frequency of the clock signal increases to achicve faster processing

speeds, as discussed further below.
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FIG. 4 shows an cxample of a current implementation of a timing measurcment circuit
410. The timing measurement circuit 410 includes a flip-flop 420, a ring oscillator 430,
and a counter 440. The flip-flop 420 has a signal input {{abeled “D”} configured to receive
the clock signal, a clock input (labeled “CK”), and an output (labeled “Q”). The ring
oscillator 430 has an enable input 432 and an output 434. The counter 440 has a target
input 446, a count input 442, an cnable input 444, and an ootput 448.

In this example, the timing measurement circuit 410 measures a high phase of the clock
signal (i.e., the duration that the clock signal is high during onc clock period). To do this,
the ring oscillator 430 is enabled by inputting an enable signal to the enable input 432 of
the ring oscillator 430, This causes the ring oscillator 430 o generate a ring oscillator
{RO) signal that oscillates at a frequency of the ring oscillator 430. The ring oscillator
430 outputs the RO signal at the output 434 of the ring oscillator 430, which is coupled
to the clock tnput of the flip-fiop 420 and the count input 4472 of the counter 440,

In this example, the flip-flop 420 is clocked by the RO signal. The flip-flop 420 is
configured to laich the logic state of the clock signal on rising edges of the RO signal, and
output the latched logic state of the clock signal to the enable input 444 of the counter
440. In this example, the flip-flop 420 latches a one when the clock signal is high, and
therefore outputs a one to the enable input 444 of the counter 440 for a duvation
approximately equal to a high phase of the ciock signal.

In this exaraple, the counier 440 counts a number of oscillations of the RO signal at the
count input 442 while the flip-flop 420 outputs a one to the enable input 444 of the counter
440. Since the fhp-flop 420 outputs a one to the enable input 444 of the counter 440 for
a duration approximately equal to the high phasce of the clock signal, the counter 444
counts the nurnber of oscillations of the RO signal in the bigh phase of the clock signal.
As avesualt, the count value of the counter 440 provides a measurernent of the high phase
of the clock signal (i.c., the duration that the clock signal is high during one clock period).
The counter 440 receives a target count value at the farget input 446, in which the target
count value indicates a count value for a target high phase corresponding to a target duty
cycle {e.g., S0% duty cycle). The counter 440 then comapares the count value from the
RO signal with the target count value to determine whether the duty cycle of the clock
signal is above or below the target duty cycle, and outputs a signal at the output 448 based
on the comparison indicating whether to increase or decrease the duty cyele of the clock

signal to compensate for duty-cycle distortion.
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{6064} A challenge with the RQO-based timing measurement circuit 410 shown in FIG. 4 is that,
in order to achieve a high resolution, the frequency of the ring oscillator 430 needs to be
much higher than the frequency of the clock signal. As the frequency of the clock signal
increases, high resolution becomes increasingly difficuit to achicve with the RO-based
timing measurement circuit 410, For exarople, for a clock frequency of 2 GHz with a
corresponding clock period of 500ps, a ring oscillator frequency of 10 GHz with a
corresponding clock period of 100ps only provides a resolution of 20% of one clock
period, which is quite fow.

[6065] To address the above, aspects of the present disclosure provide timing measurement
circuits capable of measuring one or move tnung parameters of the clock signal with high
resolution using an adjustable delay circuit and/or a time-to-digital converter (TDC), as
discussed further below.

[0066] FIG. 5 shows an exemplary tinning measurement cireuit 510 according to certain aspects.
The timing measurement circuit 510 may be used to implement the timing measurement
circuit 310 in FIG. 3 (i.e., the timing measurerent circuit 310 may be an instance of the
timing measurement circuit 310},

[067] The timing measurernent civcuit S10 bas an input 512 and an output 514, The timing
meastrement circuit 510 is configured to receive the clock signal {(Iabeled “clk”) via the
mmput 512, In one example, the input 512 may be coupled to a leaf node of a clock
distribution network {(e.g., the clock distribution notwork 120). However, it is to be
appreciated that the present disclosure is not limited to this example and that the nput
512 may be coupled to another node {e.g., a node before the clock diswibuton network
120, a node within the clock distribution network 120, ctc.). The timing measurcment
circutt 310 is configured to ouiput a measurement signal at the output 514, as discussed
further below. For the example where the timing measurement cireoit 310 is used to
implement the uming measuwrement circuit 310 in FIG. 3, the input 512 corresponds to
the input 312 in FIG. 3 and the output 514 corresponds to the output 314 in FIG. 3. For
the exarople where the tnput S12 of the timing roeasurernent civenit 510 is coupled to the
cutput 324 of the duty-cycle adjoster 320, the clock signal at the input 512 of the timing
measurement circuit S10 may also be referred (o as the duty-cycle adjusted clock signal
since the duty-cycle adjuster 320 adjusts the duty-cycle of the clock signal received at the
input 322 of the duty-cycle adjuster 320, The input 512 of the tirning reasurernent circuit
510 may be coupled to the output 324 of the duty-cycle adjuster 320 via the signal path

125.
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In this example, the timing measurement circutt 510 includes a measurcment control
circuit 520, a launch circuit 530, a delay circuit 550, a time-to-digital converter (TDC)
560, and a capture circuit 540, As discussed further below, the measurement control
circuit 320 conitrols operations of the timing measurement circuit 310

The launch civcuit 330 has an enable input 532, a clock input 534, a coutrol input 536,
and an output 538, The enable input 532 is coupled to a first output 523 of the
measurement controd circuit 520, the clock input 534 is coupled to the input 512 of the
timing measurement circuit 510 to receive the clock signal, and the control tnput 536 is
coupled to a second output 5324 of the measurement control circuit 520, The launch circuit
530 is configured to receive an enable signal from the measurernent control circuit 520
via the enable input 532 to initiate a measurement. In response t the enable signal, the
launch circuit 530 launches (i.c., outputs} an cdge of a timing signal at the output 538 on
an odge of the clock signal. The edge of the clock signal used to lavnch the edge of the
timning signal may be a vising edge or a falling edge. In certain aspects, the launch circuit
530 selects the edge of the clock signal nsed to launch the edge of the timing signal based
on a first edge select signal received from the measurement control circuit 520 via the
control input 536. For example, the lasnch circuit 530 may launch the edge of the timing
signal on a rising edge of the clock signal if the first edge select signal has a first logic
value and faunch the edge of the timing signal on a falling edge of the clock signal if the
first edge select signal has a second logic value. The first logic value may be one and the
second fogic value may be 7eroe, or vice versa. The edge of the timing signal may be a
rising edge or a falling edge.

The delay circuit 550 has a signal input 552, a control input 554, and an output 556. The
signaf input 552 is coupled fo the output 538 of the launch circuit 530. The contro} input
554 1s coupled to a third output 525 of the measurement control circuit 520. The delay
circuit 530 is configured to receive the edge of the timing signal from the launch circuit
530 via the signal input 552, delay the edge of the timing signal by a time delay, and
cutput the delayed edge of the fiming signal at the output 356, Incertain aspects, the time
delay of the delay circuit 550 is adjustable (i.c., programmable). In these aspects, the
delay circuit 550 is configured to set the time delay of the delay circnit 550 based on a
delay control signal received from the measurement control circuit 520 via the control
input 554,

The capture circuit 544 has a clock input 542, a control input 544, and an ocutput 546. The

clock input 542 is coupled to the input 512 of the timing measurement circuit 516 to
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receive the clock signal, and the control input 544 is coupled to a fourth output 526 of the
measurement control circuit 520. The capture circuit 540 s configured o generate a
capture signal and output the capture signal at the output 546. In certain aspects, the
capture circuit 540 is configured to output an edge of the capture signal on a rising cdge
or a falling edge of the clock signal based on a second edge select signal received from
the measurement control circuit 520 via the control input 344, For example, the capture
civeuit 540 may output the edge of the capture signal on a rising edge of the clock signal
if the second edge sclect signal has a first logic value and output the edge of the capture
signal on a falling edge of the clock signal if the second edge select signal has a second
fogic value. The first logic value may be one and the second logic value may be 2evo, or
vice versa. The edge of the capture signal may be a rising edge or a falling edge. In certain
aspects, the capture signal may be a capture clock signal, as discussed further below.

[0072] The TDC 560 has a signal input 562, a capture input 564, and an output 566. The signal
input 562 of the TDC 560 15 coupled to the output 336 of the delay circuit 550 to receive
the delayed edge of the timing signal from the delay circuit 550. The capture input 564
is coupled to the output 546 of the capture circuit 540 to reccive the edge of the capture
signal from the capture circuit 540. The output 566 of the TDC 560 is coupled to a fime-
measwrement input 522 of the measurement control circuit 328. The TDC 560 is
configured o measure the time delay (i.e., elapsed time) batween the time the TDC 560
receives the edge of the timing signal at the signal input 562 and the time the TDC 560
receives the edge of the capture signal at the capture input 564, and output a digital time-
measurement signal at the output 566 indicating the measured time delay. In this
cxample, the tirae delay measurcment may start on the cdge of the timing signal and stop
on the edge of the capture signal.

{8073} In certain aspects, the measurement control circuit 520 can measure various hinung
parameters of the clock signal by selecting the edge of the clock signal used to launch the
cdge of the timing signal using the first edge sciect signal and selecting the edge of the
clock signal used to output the edge of the capture signal using the second edge sclect
signal. An example of this is illastrated in FIG. 6, which shows an exemplary timing
diagram of the clock signal. It is to be appreciated that the clock signal may have a
different duty cycle than the duty cvcle shown in FIG. 6.

{6074} For example, the measurernent control circuit 520 may measure a high phase of the clock
signal by selecting a rising edge 610 of the clock signal to launch the edge of the timing

signal and selecting a falling edge 620 of the clock signal to output the cdge of the capture
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signal. As discussed above, the high phase is the time duration that the clock signal is
high (i.e., one) during one clock period. In this example, the high phase starts at the rising
edge 610 of the clock signal and ends at the falling edge 620 of the clock signal, as shown
in FiG. 6. In this example. the high phase is approximately equal to the sum of the time
delay of the delay circuit 550 and the time delay measured by the TDC 560, This is
because the high phase is approximately equal to the tiroe delay from the time the edge
of the timing signal is launched on the rising edge 610 of the clock signal and the time
the edge of the capture signal is output on the falling edge 620 of the clock signal, which
is equal to the sum of the time delay of the delay circuit 550 and the time delay measured
hy the TDC S60. Assuming the tme delay of the delay cieuit 550 is known, the
meastrement controd circuit 520 may use the measured time delay indicated by the digital
time-measurement signal from the TDC 560 and the known time delay of the delay circuit
330 to determine the high phase.

In another example, the measurement control circuit 524 roay reasure a low phase of the
clock signal by selecting a falling edge 620 of the clock signal to launch the edge of the
timing signal and selecting a rising edge 630 of the clock signal to output the edge of the
capture signal. The low phase is the time duration that the clock signal is low during one
clock period. In this example, the low phase starts at the falling edge 620 of the clock
signal and ends at the rising edge 630 of the clock signal, as shown in FIG. 6. In this
cxample, the low phase is equal to the sum of the time defay of the delay circuit 550 and
the time delay roeasured by the TDC 560. This is becauase the low phase s approxumately
equal to the tme delay from the time the edge of the tming signal is launched on the
falling edge 620 of the clock signal and the time the edge of the capture signal is output
on the rising edge 630 of the clock signal, which is equal to the sum of the time delay of
the delay circuit 550 and the time delay measured by the TDC 560. Assuming the tume
delay of the delay circuit 550 is known, the measurement control civenit 520 may use the
measured tme delay indicaied by the digital time-meastrement signal from the TDC 560
and the known time delay of the delay circuit 5350 to determuine the low phase,

In another example, the measurement controd circuit 520 may measure a period of the
clock signal by selecting a first rising edge 610 of the clock signal to launch the edge of
the timing signal and sclecting a second rising edge 630 of the clock signal to output the
edge of the capture signal. In this example, the period of the clock signal is approximately
equal to the sum of the tme delay of the delay circuit 550 and the time delay measured

by the TDC 560. This is because the clock period is approximately equal fo the time
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delay from the time the edge of the timing signal is launched on the first vising edge 610
of the clock signal and the time the edge of the capture signal is output on the second
rising edge 630 of the clock signal, which is approximately equal to the sum of the time
delay of the delay circuit 550 and the time delay measured by the TDC 560, Assuming
the time delay of the delay circuit 550 is known, the measurement control circuit 520 may
use the measured time delay indicated by the digital time-mweasurement signal from the
TDC 560 and the known time delay of the delay circuit 550 to determine the period of the
clock signal.
The measurement control circuit 320 may also measure a period of the clock signal by
selecting a first falling edge 620 of the clock signal to launch the edge of the tinung signal
and selecting a second falling edge 640 of the clock signal to output the edge of the capture
signal. In this example, the period of the clock signal is approximately cqual o the sum
of the time delay of the delay cireuit 550 and the time delay measured by the TDC 560,
Thus, in this example, the timing measurement circuit 510 supports two approaches for
sweasuring the clock period (i.c., measure the period between two consecutive rising edges
of the clock signal or meastre the period between two consecutive falling edges of the
clock signal). Either approach may be used to measure the clock period, or both
approaches may be used 1o measure the clock period.
Thus, the measurernent control circuit 320 can measure any one of one or more timing
parameters of the clock signal including a high phasce of the clock signal, a low phase of
the clock signal, and a period of the clock signal. The measurement control cirvesit 520
selects the tming parameter to be measured by selecting the launch clock edge (ie., the
edge of the clock signal used 1o launch the edge of the timing signal} and selecting the
capture clock edge (i.c., the edge of the clock signal used to output the edge of the capture
signal) accordingly. For example, to measure the high phase, the measurement control
circuit 520 selects a rising edge of the clock signal for the launch clock edge, and selects
a falling edge of the clock signal for the capture clock edge. In certain aspects, the lavnch
clock edge may also be referred 1o as a first edge of the clock signal and the capture clock
edge may also be referred to 4s a second edge of the clock signal.
In certain aspects, the measurement control circuit 520 1s configwed to generate a
measurcment signal based on the one or more measured timing parameters of the clock
signaf, and output the measurerment signal at a fifth output 527 coupled to the output 514

of the timing measurement circuit 510, In one example, the measurement signal may
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indicate one or more of the measured high phase of the clock signal, the measured low
phase of the clock signal, and the measured period of the clock signal.

In another example, the measurement control circuit 520 may determine a duty cycle of
the clock signal based on two or more of the measured high phase of the clock signal, the
measured low phase of the clock signal, and the measured period of the clock signal. For
example, the measurement control circuit 520 may determine the duty cycle of the clock
signal based on a ratio of the measured high phase of the clock signal and the measured
period of the clock signal. In this example, a ratio of 0.5 corresponds to a 50% duty cycle.
The measureraent control circuit 520 roay then output a measurement signal indicating
the determined duty cycle.

In another example, the measurement control civcuit 520 may determine a duty-cycle
adjustment for the clock signal based on one or more of the measured high phase of the
clock signal, the measured low phase of the clock signal, and the measured period of the
clock signal. For example, the clock signal may have a target duty cycle of 50%. In this
example, the measurement control circuif 520 may compare the measured high phase of
the clock signal with the measured low phase of the clock signal to determine the duty
cycle adjustment. For example, if the measured high phase is greater than the measured
low phase {which occurs when the duty cycle of the clock signal is greater than the target
duty cycie of 50%), then the measurement control circuit 5320 may determine a duty-cycle
adjustment that decreases the duty cycle of the clock signal to move the duty cycle of the
clock signal closer to the target duty cycle of 50%. I, on the other hand, the measured
high phase is less than the measured low phase (which occurs when the duty cycle of the
clock signal is less than the target duty cycle), the measurernent control circuit 520 may
determine a duty-cycle adjustment that increases the duty cycle of the clock signal to
move the duty cyecle of the clock signal closer to the target duty cyele of 50%. The
meastrement control circuit 520 may then output a measurement signal indicating the
determined duty-cycle adjustment. It is to be appreciated that the present disclosure is
not limited to this exaraple, and that the measurement controf circuit 520 may determine
the duty-cycle adjustment in a different manner based on one or more of the measured
timing parameters of the clock signal.

It is to be appreciated that the measurement signal may include two or more signals in
some implerpentations. For example, the measurcment signal may include a first signal
indicating a sign of the duty-cycle adjustment {i.c., indicating whether {0 increase or

decrease the duty cycle of the clock signal) and a second signal indicating the amount by
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which the duty cycle is 1o be adjusted. in this example, the first signal and the second
signial may be oustput on one line serially or output on two paralic] lines.

{0083] The duty-cycle control circuit 330 may receive the measurement signal from the tming
meastrement circuit 510, determine a duty-cycle adjustment for the duty-cycle adjuster
320 based on the measurernent signal, and set the duty-cycle adjustment of the duty-cycie
adjuster 320 based on the determined duty-cycle adjastment (i.e., generate the control
signal that controls the duty-cycle adjustment of the duty-cycle adjuster 320 based on the
determined duty-cycle adjustment and input the control signal to the conwrol input 326 of
the duty-cycle adjuster.  As discussed further below, the duty-cyele adjuster 320 may
increase the duty cycle of the clock signal by increasing the high phase of the clock signal
or decreasing the low phase of the clock signal, and the duty-cycle adjuster 320 may
decrease the duty cycle of the clock signal by decreasing the high phase of the clock signal
or increasing the low phase of the clock signal.

[6084] For the example where the measurement signal indicates the measured high phase of the
clock signal, the duty-cycle control circuit 330 may compare the measured high phase
with a target high phase corresponding to a target duty cycele (¢.g., 50% duty cycle). If
the measured high phase is greater than the target high phase {which occurs when the duty
cycle of the clock signal is greater than the target doty cycle), then the doty-cycle control
circuit 330 may determine a duty-cycie adjustment for the duty-cyele adjuster 320 that
decreases the duty cycle of the clock signal at the node coupled to the input 512 of the
tirning measurement cireuit 510, I, on the other hand, the weasured high phase is less
than the target high phase {which occurs when the duty cycle of the clock signal is less
than the target duty cycle), then the duty-cycle control circuit 330 may determine a duty-
cycle adjustioent for the duty-cycle adjuster 320 that increases the duty cycle of the clock
signal at the node coupled to the input S12 of the timing measurement circait S10.

[B085] For the example where the measurement signal indicates the measared low phase of the
clock signal, the duty-cyele conirol circuit 330 may compare the measured low phase with
a target low phase corresponding to a target duty cycle (e.g., 30% duty cycle). If the
measured low phase is greater than the target low phase (which occurs when the daty
cycle of the clock signal is Iess than the target duty cycle), then the doty-cycle control
circut 330 may determine a duty-cycle adjustment for the duty-cycle adjuster 320 that
increases the duty cycle of the clock signal at the node coupled to the input 512 of the
wining measurement circuit 51840 H, on the other hand, the measured low phase is less

than the target low phase (which occurs when the duty cycle of the clock signal is greater
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than the target duty cycle), then the duty-cycie control circuit 330 may determine a duty-
cycle adjustiment for the duty-cycle adjuster 320 that decreases the duty cyele of the clock
signal at the node coupled to the input 512 of the timing measurement circait S10.

{8086 For the cxample where the measurement signal indicates a duty-cycle adjustment based
on one or more of the measured timing parameters of the clock signal, the duty-cycie
control circuit 330 sets the duty-cycle adjustment of the duty-cycle adjuster 320 based on
the indicated duty-cycle adjostment.

18087] For the example where the measurement signal indicates both the measured high phase
of the clock signal and the measured low phase of the clock signal, and the target duty
cycle is 50%, the duty-cycle control circuit 330 may compare the measured high phase
with the measared low phase of the clock signal to determine the duty cycle adjustiment.
For example, if the measured high phase is greater than the measured low phase {(which
occurs when the duty cyvele of the clock signal is greater than the target duty cvcle of
50%3}, then the duty-cyele control circuit 330 may determine a duty-cycle adjustment that
decreases the duty cycle of the clock signal at the node coupled to the nput 512 of the
timing racasurement cireuit 310, H, on the other hand, the measured high phase is less
than the measored low phase (which occurs when the duty cycle of the clock signal is less
than the target duty cycle), then the duty-cycle control circuit 330 may determine a duty-
cycle adjustment that increases the duty cycle of the clock signal at the node coupled to
the input 512 of the timing measurement cireutt 510

[6088] For the example where the measurement signal indicates the duty cycle of the clock
signal, the duty-cycle control civeuit 330 may compare the indicated duty cycle with a
target duty cycle to determine the duty cycle adjustment. For example, if the indicated
duty cycle is greater than the target duty cycle, then the duty-cycle control circuit 330
may determine a duty-cycle adjusiment that decreases the duty cycle of the clock signal
at the node coupled to the input 5172 of the timing measurement circuit 510 If the indicated
duty cycle is less than the target duty cycle, then the duty-cycle control circuit 330 may
determine a duty-cvcele adjustiment that increases the duty cycle of the clock signal at the
node coupled to the input 512 of the timing measurement circuit 5160

16088] FIG. 7 shows an exemplary implementation of the launch circuit 530 and the capture
circutt 540 according to certain aspects.

[6090] In this example, the launch circuit 530 includes an inverter 710, a multiplexer 720, a first
flip-flop 730, a second flip-flop 740, and a launch flip-flop 750. The multiplexer 720 has

a first input 722, a second input 724, a select input 726, and an output 728, The first input
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727 is coupled to the clock tnput 534 of the launch circuit 530, and the select fnput 726 is
coupled to the control input 536 of the launch circuit 530, The inverter 710 s coupled
between the clock input 534 of the launch circuit 530 and the second input 724 of the
multiplexer 720. Thus, the first input 722 of the multiplexer 720 receives the clock signal
and the second tnput 724 of the multiplexer 720 receives the inverted clock signal. The
multiplexer 720 is configured to select the clock signal at the firstinput 722 or the inverted
clock signal at the second input 724 based on the control signal at the select input 726,
and output the selected one of the clock signal and inverted clock signal at the cutput 728.
The selected one of the clock signal and the inverted clock signal at the output 728 is
referred to as the launch clock signal (labeled “clk_I”) in the discussion below. As
discussed further below, the multiplexer 720 allows the measurement control circuit 520
to select a rising clock edge or a falling clock edge to launch the edge of the timing signal.
The first flip-flop 730 has a signal input 732 coupled to the cnable input 532 of the launch
circuit 530, a clock input 734 coupled to the clock input 534 of the launch circuit 530,
and an output 736, The second flip-flop 744 has a signal input 742 coupled to the output
736 of the fist flip-flop 730, a clock input 744 coupled to the ocutput 728 of the
multiplexer 720, and an output 746. The launch flip-flop 750 has a signal mput 752
coupled to the output 746 of the second flip-flop 744, a clock input 754 coupled to the
output 728 of the multiplexer 728, and an cutput 756 coupled to the output 338 of the
taunch civeuit 530,

In this example, the launch circuit 530 uses the enable signal from the measurement
control circuit 524 to provide the timing signal, and lavnches the edge of the timing signal
on cither a rising edge or a falling edge of the clock signal depending on whether the
muliiplexer 720 selects the clock signal or the inverted clock signal. In one example, the
enable signal from the measurement control civcait 520 is set high to initiate a duty-cycle
measurement. In this example, the rising edge of the enable signal propagates 1o the
signal tnput 752 of the lavnch flip-flop 750 through the first flip-flop 730 and the second
flip-flop 740, in which the first flip-flop 730 is clocked by the clock signal and the second
flip-fiop 740 is clocked by the laonch clock signal (1.e., the selected one of the clock signal
and the inverted clock signal).

The launch flip-flop 730 is configured to launch the rising edge of the enable signalon a
rising edge of the launch clock signal (Iabeled “clk 7). In this example, the rising edge
of the enable signal provides the rising cdge of the timing signal {Iabeled “din”). For the

case where the clock signal is selected by the multiplexer 720, the launch flip-flop 750
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launches the edge of the timing signal (i.c., rising cdge of the enable signal in this
example) on arising edge of the clock signal. For the case where the inverted clock signal
is selected by the multiplexer 720, the launch flip-flop 750 launches the edge of the timing
signal {i.c., rising cdge of the cnable signal in this cxample) on a falling cdge of the clock
signal.

[6094] Thus, in this example, the launch cireuit 530 launches the edge of the timing signal in
response to receiving the enable signal from the measwrement control civeuit 520, and
launches the edge of the timing signal on cither a rising cdge or falling edge of the clock
signal depending on whether the multiplexer 720 selects the clock signal or the inverted
clock signal.

[0095] In the example in FIG. 7, the enable signal propagates through the first flip-flop 730 and
the second flip-flop 740 to reach the signal input 752 of the launch flip-tlop 750. In this
cxample, the first flip-flop 730 and the sccond flip-flop 740 may be used to adjust the
timning of the rising edge of the enable signal to help ensure that the rising edge of the
enable signal meets timing {(e.g., setup time and/or hold time} at the launch flip-flop 750.
It is to be appreciated that the present disclosure is not limited to this exampie, and that
one of both of the first flip-flop 730 and the second flip-flop 740 may be omitted in some
implementations {e.g., inplementations where timing of the enable signal s not an issue).

{8496] In the cxampie in FIG. 7, the capiure circuit 5480 includes a firstinverter 755, a multiplexer
760, a flip-flop 770, a second inverter 780, and a clock gating circuit 790 (also referred
to as a clock gating cell). The multiplexer 760 has a first input 762, a second input 764,
a select input 766, and an output 768, The first input 762 iz coupled to the clock nput
542 of the capture circuit 340, and the select input 766 is coupled to the control input 544
of the capture circuit 540, The first inverter 755 is coupled between the clock input 542
of the capture circuit 340 and the second input 764 of the rultiplexer 760. Thus, the first
input 762 of the multiplexer 760 receives the clock signal and the second input 764 of the
multiplexer 760 receives the inverted clock signal. The multiplexer 760 is configured to
select the clock signal af the fivst tnput 762 or the tnverted clock signal at the second tnput
764 based on the second edge select signal at the select input 766, and output the selected
one of the clock signal and the inverted clock signal at the output 768. The selected one
of the clock signal and the mverted clock signal at the output 768 s referred to as the
capture clock signal in the discussion below. As discussed further below, the multiplexer
760 allows the measurement control circuit 520 to select a rising edge or a falling clock

cdge to output the edge of the capture clock signal.
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The flip-flop 770 has a signal input 772 coupled to the output 538 of the launch circuit
530, a clock input 774 coupled to the output 768 of the mushiplexer 760, and an output
776. The input of the second inverter 780 15 coupled to the output 776 of the flip-flop
70

i

The clock gating circuit 790 has a enable input 792 coupled to the output of the second
inverter 780, a signal input 794 coupled to the outpat 768 of the multiplexer 760, and an
cutput 796 coupled to the capture input 564 of the TDC 560. The clock gating circuit 790
is configured to either pass or gate the capture clock signal from the multiplexer 760 (ic.,
the selected one of the clock signal and the inverted clock signal) based on the logic value
at the enable input 792, For example, the clock gating circuit 790 may pass the capture
clock signal when the enable input 792 is high and gate (i.e., block} the capture signal
when the enable input 792 is low, or vice versa in an alternate implementation. The
capture clock signal after the clock gating circuit 790 is labeled “elk_¢” in FEG. 7.

In this example, the capture circait 540 uses the capture clock signal ocutput at the output
546 to provide the capture signal discussed above. The edge of the clock signal used to
output the edge of the capture clock signal depends on whether the multiplexer 760 sclects
the clock signal or the inverted clock signal. For example, the edge of the capture clock
signal may be output on a rising edge of the clock signal when the multiplexer 760 selects
the clock signal and the edge of the capture clock signal may be output on a falling edge
of the clock signal when the nultiplexer 760 selects the inverted clock signal.

The {lip-flop 770 and the second inverter 780 are used to gate the capture clock signal
after the edge of the capture clock signal. This is done 50 that the TDC 560 holds the time
delay measurement at the output 566 of the TDC 560 after the edge of the capture clock
signal.

The exemplary launch circuit 330 and capture circuit 540 shown in FIG. 7 may be used
oy measure any one of a high phase of the clock signal, a low phase of the clock signal,
and a period of the clock signal. In this regard, FIG. 8A is a timing diagram showing an
cxample of a high-phase measurement of the clock signal according to certain aspects.
FiG. 8A shows an example of the clock signal (labeled “cik™), the launch clock signal
enable input 792 of the clock gating circuit 790, the capture clock signal (labeled “ctk_c™)
at the output of the clock gating circutt 790, and the output of the TC 560 (labeled

“tde_q”).
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In the example in FIG. 8 A, the nuslttiplexer 720 in the launch circuit 530 selects the clock
signal and the multiplexer 760 in the capture circuit 540 selects the inverted clock signal.
Thus, in this example, the launch clock signal is provided by the clock signal and the
capture clock signal is provided by the inverted clock signal. In this example, the launch
flip-flop 750 launches a rising edge 814 of the tming signal (labeled “din’} on a rising
edge 812 of the launch clock signal (Jabeled “clk_[), which corresponds to a rising edge
310 of the clock signal. In this example, the launch fhip-flop 750 iz a nsing-edge triggered
flip-flop (also referred to as a positive-edge triggered flip-flop). The rising edge 814 of
the timing signal propagates through the delay circuit 5530 and into the TDC 560,

The capture circuit 540 outputs a rising edge 816 of the capture clock signal on a falling
edge 818 of the clock signal. Note that the capture circuit 540 generates the capture clock
signal (labeled “clk_¢”) in this example. The rising cdge 816 of the capture clock signal
causes the T 560 to capture a time delay measurement of the tining signal in the TDC
560 and output the corresponding digital time-measurement signal (labeled “tde_g™) to
the measurement control circuit 520. In this example, the TDC 360 is rising-edge
triggered (i.e., captures a time delay measurcment on a rising edge of the capture clock
signal).

the cnable input 792 of the clock gating civcuit 794 goces low. This causes the clock gating
circuit 790 to gate the capture clock signal and the TDC 360 to hold the time-delay
measurement.  The TDC 560 may bhold the time-delay measurernent until the
measurement control circuit 520 resets the launch circuit 330 and the capture circuit 540
(e.g., by outputting a zero to the enable input 532 of the launch circuit 5330).

FIG. 8B is a timing diagram showing an example of a low-phase measurcment of the
clock signal according to certain aspects. In the example in FIG. 8B, the multiplexer 720
int the faunch civcuit 530 selects the inverted clock signal and the multiplexer 760 in the
capture circuit 540 selects the clock signal, Thus, in this exampile, the launch clock signal
is provided by the tnverted clock signal and the capture clock signal s provided by the
clock signal. In this example, the launch flip-flop 750 launches a rising edge 824 of the
timing signal (labeled “din”) on a rising edge 822 of the launch clock signal {labeled
“cl¥_17), which corvesponds 1o a falling edge 820 of the clock signal. The rising edge 8§24
of the timing signal propagates through the delay cireuit 550 and into the TDC 560,

The captore circuit 340 outputs a rising edge 826 of the capture clock signal on a rising

cdge 828 of the clock signal. Note that the capture circuit 540 generates the capture clock
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signal (fabeled “clk_c”) in this cxample. The rising cdge 826 of the capture clock signal
causes the TDC 560 o capture a tume delay measurement of the timing signal in the TDC
560 and output the corresponding digital time-measurement signal (labeled “tde_g™) to
the measurement control circuit 520.
After the rising edge 826 of the capture clock signal, the signal (labeled “clk_c_en™) at
the enable input 792 of the clock gating circuit 790 goes low. This causes the clock gating
civenit 790 to gate the capture clock signal and the TDC 560 to hold the time-delay
weasarement,.  The TDC 560 may hold the time-delay measurement until the
measurement control circuit 520 resets the launch cirenit 530 and the capiure circuit 540
{e.g., by outputting a 7ero to the enable input 332 of the launch civenit 530).
FIG. 8C is a timing diagram showing an example of a clock period measurement
according to certain aspects. In the example in FIG. 8C, the multiplexer 720 in the launch
circuit 530 selects the clock signal and the multiplexer 760 in the capture circuit 54¢
seleets the clock signal. Thus, in this example, the faunch clock signal is provided by the
clock signal and the capture clock signal is provided by the clock signal. In this example,
the launch fiip-flop 750 launches a rising edge 834 of the tining signal (labeled “din™} on
a rising edge 8§32 of the launch clock signal (labeled “clk_17), which corresponds o a
rising edge 830 of the clock signal. The rising edge 834 of the timing signal propagates
through the delay circutt 550 and into the TR 560,
The capture circuit 540 outputs a rising edge 836 of the capture clock signal on a rising
edge 838 of the clock signal. Note that the capture civeuit 540 generates the capture clock
signal (labeled “clk_¢”} in this example. The rising edge 836 of the capture clock zignal
causes the TEC 360 to capiure a time delay measurcment of the timing signal in the TDC
560 and output the corresponding digital time-measurernent signal (labeled “tde_q™) to
the measurement control circuit 520
the cnable input 792 of the clock gating civcuit 794 goces low. This causes the clock gating
circuit 790 to gate the capture clock signal and the TDC 360 to hold the time-delay
measurement.  The TDC 560 may bhold the time-delay measurernent until the
measurement control circuit 520 resets the launch circuit 330 and the capture circuit 540
(e.g., by outputiing a zero to the enable input 532 of the launch circuit 330},
FIG. 8D s a timing diagram showing another example of a clock period measurement
according to certain aspects. In the example in FIG. 8D, the multiplexer 720 in the launch

circuit 330 selects the inverted clock signal and the multiplexer 760 in the capture cireuit
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544 selects the inverted clock signal. Thaus, mn this example, the lavnch clock signal is
provided by the inverted clock signal and the capture clock signal is provided by the
inverted clock signal. In this example, the launch flip-flop 750 launches a rising edge 844
of the timing signal (Iabeled “din™) on arising edge 842 of the launch clock signal (labeled

-

“elk 1), which corresponds to a falling edge 840 of the clock signal. The rising edge 844
of the timing signal propagates through the delay circuit 530 and into the TDC 560.

16112] The capture circuit 540 outputs a rising edge 846 of the capture clock signal on a falling
edge 848 of the clock signal. Note that the capture circuit 340 generates the capture clock
signal (fabeled “clk_c”) in this cxample. The rising cdge 846 of the capture clock signal
causes the TDC 560 o capture a tume delay measurement of the timing signal in the TDC
560 and output the corresponding digital time-measurement signal (labeled “tde_g™) to
the measurement control circuit 520.

[0113] After the rising edge 846 of the capture clock signal, the signal (labeled “clk_c_en™) at
the enable input 792 of the clock gating circuit 790 goes low. This causes the clock gating
circuit 790 to gate the capture clock signal and the TDC 560 to hold the time-delay
measurement.  The TDC 560 may hold the time-delay measwrement until the
measurement control circuit S20 resets the launch circait 530 and the capiure circuit 540
{e.g., by outputting a zero to the enable input 332 of the launch circuit 530).

{8114) FiG. 9 shows an exemplary implementation of the TDC 560 according to certain aspacts.
In this example, the TDC 566 is configured to receive the fiming signal at the signal tuput
562 and measure the time delay between the time the edge of the timing signal is received
at the signal input 362 of the TDC 360 and the time the edge of the capture clock signal
is recetved at the capture input 564 of the TDC 560. In this example, the digital time-
measurement signal (fabeled “tde_g™) includes multiple bits (labeled “tde_giG]” to
“tde_glk]”) indicating the measured time delay.

[8115] In the example in FIG. 9, the TDC 560 includes a delay Hine 815 and multiple flip-flops
©30-1 to 930-n coupled to the delay line 915, The flip-flops 930-1 to 930-n are clocked
by the capture clock signal reccived at the capture input 564, The delay line 915 has an
input 918 coupled to the signal joput 562 of the TDC 560 and roultiple nodes 922-1 1o
§22-n where each node corresponds to a different delay along the delay line 815, In the
example in FIG. 9, the delay line 915 includes nmultiple delay buffers 920-1 1o 920-n
coupled in serics in which the output of cach of the delay buffers 920-1 to 920-n
corresponds to a respective one of the nodes 922-1 to 922-n. In operation, the timing

signal received by the TDC 560 propagates through the delay line 915, The output of
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cach delay buifer 920-1 to 920-u provides a different delayed-version of the timing signal
at the respective node 922-1 to 922-n.

Each of the flip-flops 930-1 to 830-n has a signal input 832-1 to 832-n, an output 934-1
0 934-n, and a clock input 936-1 to 936-n. The clock taput 936-1 to 936-n of each flip-
flop 930-1 to 930-n is coupled to the capture mput 364 and configured to receive the
captare clock signal. Each flip-flop 930-1 to 930-n is configured to laich the bit value at
the respective signal input 932-1 to 932-n on the edge of the capture clock signal, and
output the latched bit value at the respective output 934-1 to 934-n. The edge of the
capture clock signal may be a rising edge for the exampie where the flip-flops 930-1 o
930-n are implemented with rising-edge-triggered flip-flops. Note that the edge of the
capture clock signal is a rising edge in the example shown in FIGS. 8A to 8D. However,
it is to be appreciated that the present disclosure is not limited to this example.

The signal input 932-1 £0 932-0 of each flip-flop 930-1 to 930-n is coupled to a respective
one of the nodes 922-1 to 922-n on the delay line 915. Thus, the signal input 932-1 1o
932-n of each tlip-tlop 930-1 to 930-n receives a different delayed-version of the timing
signal. in the exampie in FIG. 9, the signal input 932-1 10 932-u of each flip-flop 930-1
to 930-1 1s coupled to the output of a respective one of the delay buffers 920-1 o 920-n.
The output 934-1 to 934-n of each flip-flop 930-1 to 930-n provides a respective one of
the bits (labeled “tde_gl0} to “tde_gik]”) of the digital time-measurement signal ({abeled
“tde_g). In this exarople, each flip-flop 930-1 o 930-n latches the bhit value at the
respective node 922-1 10 922-n on the edge of the capture clock signal {e.g., rising edge
of the captore clock signal), and outputs the latched bit value as the bit value for the
respective bit of the digital time-measurernent signal (labeled “de_g™).

In this exarople, the time delay of the timing signal is indicated by the number of the bits
{labeled “tde_gf0]” to “de_glkd”) of the digital time-measurement signal that arc one.
The greater the number of bits that are one, the longer the time delay. This is because the
number of bits that arc one is greater when the timing signal propagates farther down the
delay line 915, which occurs when the tupe delay s longer.

In this example, the TDC 560 measures the time delay of the timing signal in a time
increment that is equal to the delay of one delay buffer, which provides much higher
resolution than the resolution provided by the RO-based timing measurement circuit 410,
This is because the ring osciflator 430 includes nultiple delay buffers coupled in a loop,
it which the RO signal needs o propagate through the multiple delay buffers twice to

gencrate cach oscillation of the RO signal. As a result, the time increment in the RO-



WO 2023/048978 PCT/US2022/043221

{0120}

{0121}

{9122}

{6123}

28

hased timing measurement circuit 410 is equal to the twice the sum of the delays of the
multiple delay buffers in the ring oscillator 430. Thus, the tiroe increment with which the
RO-based timing measurement circuit 410 measures time delay is much greater than the
TEC 360, resuiting in much lower resolution for the RO-based timing measurement
circuit 410,

It is to be appreciated that the timing measurement circuit 510 is not limited to the
examples shown in FIGS. 5 and 7. For example, in some implementations, the delay
circuit 550 may have a fixed time delay or the delay circuit 5350 may be omitted {(e.g., for
the case where the TD{C 560 has a time measurement range spanning a clock period). For
implementations where the delay circait 550 is omitted, the signal input 562 of the TDC
56 may be divectly coupled to the output 538 of the launch circuit 530.

Fi(5. 10 shows another exemplary iraplementation of the TDC 360 according to certain
aspects.  In this exarople, the TDC 560 includes a flip-flop 1010 having a signal input
1012, a clock toput 1014, and an output 1016, The signal input 1012 is coupled to the
signal input 562 of the TDC 560, the clock input 1014 is coupled to the capture input 564
of the TDC 360, and the output 1016 is coupled to the output 366 of the TDC 560.

In this example, the flip-flop 1010 is clocked by the capture clock signal received at the
capture input 564 of the TDC 560. The flip-flop 1018 is configured to latch the logic
value at the signal input 1012 on the edge {(e.g., rising edge} of the capture clock signal,
and output the latched logic value to the measurement control cireuit 520, Thus, in this
cxample, the latched logic value provides the digital ime-measurement signal output by
the TEHC 560

In this example, the latched logic value output by the flip-flop 1016 indicates whether the
edge of the timing signal reaches the TDC 560 by the time the edge of the capture clock
signal is received at clock input 1014, For example, if the edge of the tming signal is a
rising edge (as shown in the examples in FIGS. 8A to 8D), then the latched logic value is
one if the edge of the timing signal arrives before the edge of the capture clock signal and
zero if the edge of the timing signal arrives after the edge of the capture clock signal
Since the edge of the tirning signal arrives at the TDC 560 after the time delay of the delay
civenit 530, the latched value output by the flip-flop 1018 indicates whether the time delay
of the delay circnit 550 is less than or greater than the time delay between the faunch clock
edge and the capture clock edge.  This information may be used to measure the high

phase, the low phase, or the period of the clock signal by sequentially adjusting the time
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delay of the delay circuit 350 to different delay settings and observing the latched logic
valoe for each delay sctting, as discussed further below.

To measure the high phase of the clock signal in this example, the measurement control
circuit 520 may select a rising edge for the launch clock edge using the first edge sclect
signal and select a falling cdge for the capture clock edge using the second edge sclect
signal. The rmeasurernent control circuit 320 may then sequentially adjust the time delay
of the delay circuit 350 to different delay settings using the delay control signal. For each
delay setting, the measurement control circuit 520 initiates a measurement and receives a
latched logic value from the TDC 360 indicating whether the time delay of the delay
circuit 350 is less than or greater than the high phase of the clock signal. For example,
for the example where the edge of the timng signal is a rising edge, the latched value is
zero when the time delay of the delay circuit 350 is greater than the high phase and one
when the tiroe delay of the delay circuit 550 is {ess than the high phase. in this example,
the measurement control circuit 520 may determine the high phase by determining the
highest delay setting at which the latched value is ong and the lowest delay sctting at
which the latched value is zero. In this case, the high phase of the clock signal may be
hetween the time delay corresponding to the highest delay setting at which the latched
value is one and the time delay corresponding to the lowest delay setting at which the
latched value is zero. The measurement control circuit 520 may then estimate the high
phase to be equal to one of the two time delays. Alternately, the measurement control
civcuit 320 may cstirpate the hugh phase to be equal to a time delay between the two time
defays. Thus, in this example, the measurement conwol circuit 520 measures the high
phase by sequentially adjusting the time delay of the delay circuit 55¢ to different delay
settings and observing the latched logic value for each delay setting to determine a tioe
delay approximately equal to the high phase.

In this exarple, the low phase and the clock period may each be measured o a similar
manner as the high phase discussed above. For a low-phase mceasurement, the
measurement control circuit 520 may select a falling edge for the {aunch clock edge using
the first edge select signal and select 4 rising edge for the capture clock edge using the
second edge select signal. For a clock period measurement, the measurement control
civeuit 520 may select a rising edge for the launch clock edge and a rising edge for the
capture clock edge, or select a falling edge for the launch clock edge and a falling edge

of the capture clock edge.
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{6126} FIG. 11 shows an exemplary implementation of the delay circuit 550 according to certain
aspects of the present disclosure. In this example, the delay circuit 350 includes multiple
delay devices 1110-1 to 1110-N coupled in series to form a delay line {(e.g.. delay chain).
Each of the delay devices 1110-1 to 1110-N has a respective input {labeled “in™) and a
respective output (labeled “out™). Each of the delay devices 1116-1 to 1110-N may have
approximately the sarpe delay of 1. The input of delay device 1110-1 is coupled o the
signal input 352 of the delay circuit 558, The output of each of delay devices 1110-1 to
1110-(N-1} is coupled to the input of the next delay device 1110-2 to 1110-N in the delay
line. Each of the delay devices 1110-1 to 1110-N may also be referred to as a delay stage,
a delay element, a delay unit, a delay buffer, or another term.

{8127] The delay circuit 550 also includes a multiplexer 1130 having muoltiple inputs 1132-1 to
1132-N, an output 1134, and a select input 1136, Each of the inputs 1132-1 10 1132-N of
the multiplexer 1130 s coupled to the cutput of a respective one of the delay devices
1110-1 to 1110-N in the delay line. As aresult, each of the inputs 1i32-1 to 1132-N is
coupled to a different point on the delay line corresponding to a different time delay. The
output 1134 of the multiplexer 1130 is coupled to the output 556 of the delay cuenit 550,
and the select input 1136 of the multiplexer 1130 is coupled to the control input 554 of
the delay circuit 550.

16128} The multiplexer 1130 is configured to receive the delay countrol signal at the select input
1136 from the mweasurement control circuit 520 and select one of the inputs 1132-1 10
1132-N of the muluplexer 1130 based on the received delay control signal, in which the
selected one of the inputs 1132-1 to 1132-N is coupled to the output 1134 of the

witiplexer 1130, Because each of the inputs 1132-1 w0 1132-N is coupled to a different
point on the delay line corresponding to a different time delay, the delay control signal
controls the time delay of the delay cirenit 550 by controlling which one of the inputs
1132-1 to 1132-N is selected by the multplexer 1130

18129} It is to be appreciated that the defay circuit 550 is not limited to the exemplary
unplementation shown in FIG. 11, In general, the delay circuit 550 may include multiple
delay devices and civcuitry for selectively switching the delay devices in and out of the
delay path between the signal input 552 and the output 556 of the delay circuit 550 based
on the delay control signal. The circuitry may inchude switches, one or more roultiplexers,
logic gates, or any combination thereof,

{8138] FIG. 12 shows an exemplary implementation of a duty-cycle adjuster 1220 according to

certain aspects. The duty-cyvcle adjuster 1220 may be used to implement the duty-cycle
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adjuster 320 in FIG. 3 (i.c., the duty-cycle adjuster 320 may be an instance of the duty-
cycle adjuster 320). The daty-cycle adjuster 1220 has a signal input 1222, a first control
input 1226, a second control input 1228, and an output 1224, For the example where the
duty-cyele adjuster 1220 implements the duty-cycle adjuster 320 in FHG. 3, the signal
mput 1222 corresponds to the signal input 322, the output 1224 corresponds to the output
324, and the first control input 1226 and the second control input 1228 corresponds to the
control input 326 {i.e., the control input 326 includes two inputs in this exampie).

16131] In this example, the duty-cycie adjuster 1220 includes a first inverter 1233, a first
muliiplexer 1240, a bigh-phase extender 1250, a second inverter 1265, and a second
multiplexer 1270, The first multiplexer 1240 has a first inpot 1242, a second input 1244,
a select input 1246, and an output 1248, The first input 1242 of the first multiplexer 1240
i3 coupled to the signal input 1222 of the duty-cycle adjuster 1220, and the select input
1246 of the fist multiptexer 1240 is coupled to the first control input 1226, The first
inverter 1235 is coupled between the signal inpot 1222 of the duty-cycle adjuster 1220
and the second input 1244 of the first multiplexer 1240. As used herein, an “inverter”
covers any curcuit implementation that can perform the inverting function such as using a
MNAND gate, a complementary metal-oxide semicondactor (CMOS) inverter, or any logic
gate or combination of logic gates that can perform the inverting fonction.

{8132] The high-phase extender 1250 bas a signal input 1252, a control input 1254, and an output
1256. The signal input 1252 of the high-phase extender 1250 is coupled to the output
1248 of the first multiplexer 1240, and the control tnput 1254 of the high-phase extender
1250 is coupled to the second control input 1228 of the duty-cycle adjuster 1220, As
discussed further below, the high-phase extender 1250 is configured o extend the high
phase of a clock signal by an adjustable amount based on a phase control signal received
at the control input 1254,

{8133] The second multiplexer 1270 has a fivst input 1272, a second input 1274, a select input
1276, and an output 1278, The first input 1272 of the second multiplexer 1270 is coupled
to the output 1256 of the high-phase extender 1250, and the select input 1276 of the
second multiplexer 1270 is coupled to the fivst control input 1226, The second inverter
12635 is coupled between the output 1256 of the high-phase extender 1250 and the second
input 1274 of the sccond nudtiplexer 1270, The output 1278 of the second multiplexer
1270 is coupled to the output 1224,

{8134] The duty-cycle adjuster 1220 is configured to receive a clock signal at the signal input

1222 {e.g., from the clock generator 115}, adjust the duty-cyele of the clock signal, and
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output the clock signal after duty-cycle adjustioent at the output 1224, The duty-cycle
adjoster 1220 s capable of increasing or decreasing the duty cycle of the clock signal.
Thus, the duty-cycle adjuster 1228 supports duty-cycle adjustments in either direction.
To increase the duty cyele of the clock signal input to the duty-cycle adjuster 1220, the
duty-cycle control circuit 330 {shown in FIG. 3) causes each of the first oultiplexer 1240
and the second multiplexer 1270 to select the respective first input 1242 and 1272 via the
first control input 1226. In this case, the first multiplexer 1240 passes the clock signal to
the signal input 1252 of the high-phase extender 1250. The high-phase extender 1250
then extends the high phase of the clock signal by an adjustable amount based on a phase
control signal recetved from the duty-cycle control cireuit 330 via the second control input
1228, By extending the high phase of the clock signal, the high-phase extender 1230
increases the duty cycle of the clock signal. The larger the amount of high-phase
exiension by the high-phase extender 1250, the larger the increase in the duty-cycle of the
clock signal. In this example, the second multiplexer 1270 passes the clock signal after
the high-phase extension to the output 1224 of the duty-cycle adjuster 1220.

To decrease the duty cyele of the clock signal input to the duty-cyele adjuster 1220, the
duty-cyele control circuit 330 (shown in FIG. 3) causes each of the first roultiplexer 1240
and the second multiplexer 1270 to select the respective second input 1244 and 1274 via
the first control input 1226, In this case, the first inverter 1235 inverts the clock signal
and the first multiplexer 1240 passes the inverted clock signal to the signal input 1252 of
the high-phase extender 1250. The high-phase extender 1250 then extends the high phase
of the mnverted clock signal by an adjustable amount based on a phase control signal
received from the dufy-cycle control circuif 330 via the second control input 1228, In this
case, extending the high phasc of the inverted clock signal is equivalent to extending the
fow phase of the clock signal, which decreases the duty cyele of the clock signal. The
larger the amount by which the high-phase extender 1250 extends the high phase of the
inverted clock signal, the larger the decrease in the duty-cyele of the clock signal. In this
example, the second inverter 1265 inverts the tnverted clock signal after high-phase
extension to obtain the clock signal, and the second multiplexer 1270 passes the clock
signal from the second inverter 1265 to the output 1224 of the duty-cyele adjuster 1220,
Thus, the duty-cycle adjuster 1220 is capable of increasing or decreasing the duty cyele
of the clock signal. To increase the duty cycle of the clock signal, the high-phase extender
1250 extends the high phase of the clock signal. To decrease the duty cycle of the clock

signal, the first inverter 1235 inverts the clock signal, the high-phase extender 1250
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extends the high phase of the inverted clock signal (which is cquivalent to extending the
low phase of the clock signal), and the second inverter 1265 inverts the inverted clock
signal back into the clock signal.  For applications where only high-phase extension is
used, the multiplexers 1240 and 1270, and the inverters 1235 and 1265 may be omitted.

10138] FIG. 13 shows an exemplary implementation of the high-phase extender 1250 according
to certain aspects. In this example, the high-phase extender 1250 includes an OR gate
1330, and a delay circuit 1320. It is to be appreciated that the OR gate 1330 may be
implemented with a combination of two or more gates to generate the equivalent logic
function. For exaraple, in some implementations, the OR gate 1330 may include a NOR
gate and an inverer.

[8139] The OR gate 1330 has a first input 1332, a second input 1334, and an output 1336. The
first input 1332 s coupled to the signal input 1252 of the high-phase extender 1256, and
the output 1336 is coupled to the cutput 1256 of the high-phase exiender 1250. The delay
civcuit 1320 has a signal input 1322, a control input 1324, and an output 1326, The signal
input 1322 of the delay circuit 1320 is coupled to the signal input 1252 of the high-phase
extender 1256, the control input 1324 of the delay circuit 1320 is coupled to the control
input 1254 of the high-phase extender 1250, and the output 1326 of the delay circuit 1320
is coupled to the second input 1334 of the OR gate 1330.

18140} The delay cirenit 1320 is configured to delay the clock signal by an adjustable time delay
based on a delay controd signal received via the control input 1254, The resulting delayed
clock signal is input to the second input 1334 of the OR gate 1330, The OR gate 1330
performs an OR function on the clock signal at the first input 1332 and the delayed clock
signal at the second tnput 1334 to generate the clock signal at the output 1336, The clock
signaf af the output 1336 has an exiended high-phase coropared with the clock signal at
the signal input 1252 i which the high-phase extension is controlled by the time delay of
the delay circuit 1320. The greater the time delay of the delay civcuit 1320, the greater
the high-phase extension of the clock signal at the output 1336. Thus, in this example,
the duty-cycle control circuit 330 (shown in FIG. 3) controls the high-phase extension of
the clock signal at the output 1256 of the high-phase extender 1250 by controlling the
time delay of the delay circuit 1320, In this example, the phase control signal discussed
above corresponds to the delay control signal input to the contrel input 1324 of the delay
civeuit 1320,

[8141] In this example, the time delay of the delay circuit 1320 may be limited by the high phase

of the clock signal at the signal input 1252 (i.e., time delay of the delay circuit 1320 <
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input high phase). This is because increasing the time delay beyond the input high phase
can result in a clock glitch. In this regard, FIG. 14A shows an examaple of the clock signal
at the signal input 1252 (labeled “hpe_in") and the clock signal at the output 1256 (labeled
“hpe_out’™} for a case where the time delay is less than the high phase of the clock signal
at the signal input 1252, and FIG. 148 shows an example of the clock signal at the signal
input 1232 (labeled “hpe_in”) and the clock signal at the output 1256 (labeled “hpe_owt™)
for a case where the time delay is greater than the high phase of the clock signal at the
signal input 1252, Asshown in FIG. 148, making the time delay of the delay circuit 1320
greater than the bigh phase of the clock signal at the signal input 1252 may result in clock
glitches 1410, Thus, the exemplary implementation of the high-phase extender 1250 may
be Hmited to extending the high phase of the output clock signal by an amount equal to
or less than the high phase of the input clock signal (i.c., time delay of the delay circuit
1320 < input high phase) for a maxiraum output high phase cqual to twice the input high
phase, and therefore may not be suitable use cases requiring a larger high-phase extension.

16142] To address this, FIG. 15A shows an exemplary implementation of the delay civcuit 1320
that provides a larger high-phase extension range according to certain aspects. In this
example, the delay cirenit 1320 inchides multiple delay devices 1510-1 to 1510-m
coupled in series to form a delay line. The delay devices 1510-1 to 1510-m may also be
referrad to as delay segments, or another term. Each of the delay devices 1510-1 t0 1510-
m has a respective first signal tnput 1512-1 t0 1512-m, a respective second signal input
1514-1 to 1514-m, a respective control input 15316-1 to 1516-my, and a respective delay
cutput 1518-1 to 1518-m. The first signal input 1312-1 of the delay device 15310-1 is
coupled to the signal input 1252 of the high-phase extender 1250, In the example in FIG.
15A, the second signal input 1514-1 of the delay device 1510-1 is coupled to ground. The
delay output 1518-1 to 1518-(m-1) of cach of delay devices 1510-1 1o 15310-(m-1) i3
coupled to the second signal input 1514-2 to 1514-m of the next delay device 1510-2 t0
1510-m in the delay line, and the delay output 1518-m of delay device 1510-m is couplad
to the second input 1334 of the OR gate 1330, as shown in FKG. 15A. The first signal
input 1512-2 to 1512-m of each of the delay devices 1510-2 1o 1510-m is coupled to the
signal input 1252 of the high-phase extender 1250,

[6143] Each of the delay devices 1510-1 to 1510-mn 1s configured to receive a respective control
signal (c.g., control bit} via the respective controf input 1516-1 to 1516-m.  In this
example, the control input 1254 of the high-phase extender 1250 includes multiple control

inputs 1254-1 to 1254-m in which each of the multiple control inputs 1254-1 to 1254-m
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is coupled to the control input 1516-1 t0 15316-10 of a respective one of the delay devices
1510-1 to 15310-10.

{0144] In this example, cach of the delay devices 1510-1 to 1510-m is configured to enable or
disable the respective delay ocutput 1518-1 to 1518-m based on the respective control
signal. For example, cach of the delay devices 1518-1 to 1510-m may be configured to
enable the respective delay output 1518-1 to 1518-m when the respective control signal
has a first logic value and to disable the respective delay output 1518-1 to 151&-m when
the respective control signal has a second logic value. The first logic value may be one
and the second logic value may be 7ero, or vice versa.

[$8145] Each of the delay devices 1510-1 to 1510-m is configurved to pass a high phase (i.e., logic
one) at the respective firat signal mput 1512-1 to 1512-m to the respective delay output
1518-1 0 1518-m and pass a bigh phase (i.e., logic one) at the respective second signal
mput 1514-1 to 1514-m 1o the respective delay output 1518-1 to 1518-m when the
respective delay output 1518-1 to 1518-m is enabled. In the example in FIG. 13A, the
second signal mput 1514-1 of delay device 1510-1 is coupled to ground. Each of the
delay devices 1510-1 to 1510-m is configured to block the signal (i.e., clock signal) at the
respective firse signal input 1512-1 to 1512-m and block (i.e., gate) the signal (.e., clock
signal) at the respective second signal input 1514-2 to 1514-m when the respective delay
output 1518-1 to 1518-m is disabled. In this example, cach of the delay devices 1510-1
to 1510-m may output a static logic value at the respective delay output 1518-1 10 1518-
m when the respective delay cutput 1518-1 to 1518-m is disabled. The static logic value
may be a zero or a ong.

16146] In this example, the duty-cycle controi circuit 330 (shown in FIG. 3) controls the high-
phase extension of the high-phase extender 1250 by controlling the number of the delay
devices 1510-1 to 1510-m with enabled delay outputs 1518-1 to 1518-m via the control
inputs 1254-1 1o 1254-m. The larger the number of the delay devices 1510-1 0 1510-m
with enabled delay outputs 1518-1 to 1518-m, the larger the high-phase extension of the
clock signal at the output 1256, Inthis example, the duty-cycle control circuit 330 enables
the delay outputs 1518-1 to 1518-m of the delay devices 1510-1 to 1510-m (also referred
to as delay segments) from right to left in FIG. 15A starting with the delay output 1518-
m of delay device 1518-m. Thus, to cnable the delay cutput of one of the delay devices
1516-1 o 15310-m, the duty-cycle control circuit 330 enables the delay output 1518-m of
delay device 1510-m. To enable the delay outputs of two of the delay devices 15183-1 to

1510-m, the duty-cycle control circuit 330 cnables the delay outputs 1518-m and 1518-
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(ro-1) of delay devices 1510-m and 1510-(m-1). To cnable the delay outputs of three of
the delay devices 1510-1 to 1510-m, the duty-cycle control circuit 330 enables the delay
outputs 15318-m, 1518-(m-1), and 1518-(m-2} of delay devices 15310-m, 15310-Gm-1), and
1510-(m-2), and so forth. Note that delay devices 1510-(rn-1) and 1510-(m-2) are not
explicitly shown in FIG. 15A for ease of illustration.

In this example, the delay devices 1510-1 to 1510-m increase the high-phase extension
vange of the high-phase extender 1250. This is because the delay devices with enabled
delay outpuis generate multiple delayed versions of the clock signal delayed by different
time delays. The high phases of the multiple delayed versions of the clock signal are
combined at the output 1326 of the delay circuit 1320 and ORed with the clock signal at
the OR gate 1330. This allows the high-phase extender 1250 to achieve a large high-
phase extension range for the output clock signal, as discussed further below.

An exaraple of the multiple delayed versions of the clock signal is iHustrated in FIG. 15B
for an example in which the delay outputs 1518-m, 1518-(m-1), and 1518-(m-2) of three
of the delay devices 1510-m, 15318-(m-1}, and 1518-(1n-2} arc enabled. FIG. 15B shows
the clock signal at the sigunal input 1232 (labeled “hpe_in”} of the high-phase extender
1250 and the clock signal at the output 1256 (fabeled “hpe_out) of the high-phase extender
1250, FIG. 15B also concepiual shows a first delaved version of the clock signal (labeled
“cik1™), a second delayed version of the clock signal (labeled “clk2™), and a third delayed
version of the clock signal (labeled “clk3”) in this example. The delayed versions of the
clock signal clkl, clkZ, and clk3 are shown separately at the output 1326 of the delay
civeuit 1320 in FIG. 15B for ease of illustration. In actuality, the high phases of the
delayed versions of the clock signal clki, cik2, and ¢lk3 are combined (i.e., merged) at
the output 1326 of the delay circuit 1320, forming the delay output signal (labeled
“D_out”) shown in FIG. 15B.

In this exarmple, the first delayed version of the clock signal clkl is generated from the
clock signal entering the first signal input 1512-m of delay device 1510-m and is delayad
by the time delay of delay device 1510-m to reach the output 1326. The sccond delayed
version of the clock signal clk? is geverated from the clock signal entering the fivst signal
tnput 1512-(m-1) of delay device 1518-Gm-1}) and is delayed by the time delays of the
delay devices 1510-(m-1) and 1510-n 10 reach the output 1326. The third delayed version
of the clock signal clk3 is gencrated from the clock signal entoring the first signal input

1512-(m-2) of delay device 1510-(m-2) and is delayed by the time delays of delay devices
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1510-(m-2), 1510-(m-1), and 1510~ to reach the output 1326, Note that the high phascs
of the multiple delayed versions of the clock signal clkl, ¢ik2, and clk3 overlap in tme.

{8158] In this example, the delay output signal D_out at the output 1326 of the delay circuit 1320
i3 ORed with the clock signal at the signal input 1252 (labeled “hpe_in”} by the OR gate
1330 to produce 2 clock signal at the ocutput 1256 (labeled “hpe_out) with a large high-
phase extension. In this example, clock glitch is prevented by making the individoal tme
delay of each of the delay devices 1510-1 to 1510-m less than the high phase of the input
clock signal so that the delayed versions of the clock signal overlap in time. However,
since the delay circuit 1320 mchudes multiple defay devices 1510-1 to 1510, the high-
phase extender 1250 is able to achieve a high-phase extension greater than the high phase
of the input clock signal without a glitch.

{8151} FIG. 16 shows an exemplary implementation of each of the delay devices 1510-1 to 1510-
m according to certain aspects. In this example, cach of the delay devices 1510-1 to 1510-
m includes a respective OR gate 1610-1 to 1610-m, a respective AND gate 1620-1 1o
1620-m, and respective delay buffers 1630-1 t0 1630-m and 1640-1 to0 1640-m. In each
of the delay devices 1510-1 1o 1510-m, the respective OR gate 1610-1 to 1610-m has a
first input coupled to the respective first signal fnput 1512-1 t0 1512-m and a second input
coupled to the respective second signal input 1514-1 to 1514-m. In each of the delay
devices 1518-1 to 1510-m, the respective AND gate 1620-1 to 1620-mm has a first input
coupled to the output of the respective OR gate 1610-1 1o 1610-m and a second mput
coupled to the respective control input 1516-1 to 1516-m. In each of the delay devices
1510-1 to 1510-m. the respective delay buffers 1630-1 to 1630-m and 1640-1 to 1640-m
are coupled in series between the putput of the respective AND gate 1620-1 t0 1620-m
and the respective defay output 1518-1 0 1518-m.

[8152] In this example, in each of the delay devices 1510-1 10 1510-m, the respective OR gate
1610-1 to 1610-m passes a high phase at the vespective first signal input 1512-1 to 1512-
m and a high phase at the respective second signal input 1514-1 to 1514-m to the output
of the respective OR gate 1610-1 to 1610-m. In cach of the delay devices 1516-1 t0 1510-
m, the respective AND gate 1620-1 to 1620-m enables the respective delay output when
the respective control signal is one (e, the AND gate passes a high phase o the
respective delay output) and disables the respective delay output when the respective
control signal is zero (i.e., the AND gate blocks a high phase and outputs a zero).

[8153] It is to be appreciated that cach of the delay devices 1510-1 to 1510-m may include a

different number of delay butfers than the number of delay buffcrs shown in the example
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in FIG. 16 depending on, for example, a desired delay for each of the delay devices 1510-
110 1510-m. In some iroplementations, the delay buffers 1630-1 to 1630-m and the 1640-
1 to 1640-m may be omitted all together, for example, when the delays of the OR gates
1610-1 to 1610-m and the delays of the AND gates 162(-1 t0 1620-m already provide the
desired delay for cach of the delay devices 1510-1 t0 1510-m

In the exemplary implementations of the high-phase extender 12350 illoswrated in FIG.
15A and FIG. 16, only the tme delay of an individual delay device (i.e., 15310-m, 1510-
(m-1}, ... 1510-1) needs to be less than or equal 1o the high phase of the tnput clock signal
to avoid clock glitches while the high phase of the output clock may be cxtended by the
accumulation of the time delays from the enabled delay devices. The exemplary
implementations of the high-phase extender 1250 in FIG. 15A and FIG. 16 allow an
cxtension of the high phase of the output clock signal greater than the high phase of the
mput clock signal, thus cnabling a larger range of high-phase extension while avoiding
clock glitches.

I is to be appreciated that the duty-cycle adjuster 1220 is not limited to the high-phase
extender 1258, In this regard, FIG. 17 shows an exaraple in which the duty-cycle adjuster
1220 includes a low-phase extender 1750 instead of the high-phase extender 1250, In
this example, the low-phase extender has a signal input 1752 coupled to the output 1248
of the first multiplexer 1240, a control input 1754 coupled o the second conirol input
1228, and an output 1756 the first input 1272 of the second multiplexer 1270, In this
example, the low-phase extender 1750 is configured o extend the low phase of the clock
signal by an adjustable amount based on the phase control signal received via the control
input 1754.

To decrease the duty cyele of the clock signal input to the duty-cyele adjuster 1220, the
duty-cyele control circuit 330 (shown in FIG. 3) causes each of the first roultiplexer 1240
and the second muttplexer 1278 to select the respective first input 1242 and 1272 via the
first control input 1226. In this case, the first multiplexer 1240 passes the clock signal to
the signal input 1732 of the low-phase extender 1750. The low-phase extender 1750 then
extends the low phase of the clock signal by an adjustable amount based on a phase
control signal received from the duty-cycle control circuit 330 via the second control input
1228. By extending the low phase of the clock signal, the low-phase cxtender 1750
decreases the duty cycle of the clock signal.

To increase the duty cycle of the clock signal input to the duty-cycle adjuster 1228, the

duty-cyele control circuit 330 (shown in FIG. 3) causes each of the first multiplexer 1240
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and the second multiplexer 1270 to select the respective second input 1244 and 1274 via
the first control input 1226, In this case, the first inverter 1233 inverts the clock signal
and the first mudtiplexer 1240 passes the inverted clock signal to the low-phase extender
1750. The low-phase cxtender 1750 then cxtends the low phase of the inverted clock
signal by an adjustable amount based on a phase control signal received from the duty-
cycle control circuit 334 via the second control input 12258, In this case, extending the
low phase of the inverted clock signal is equivalent to extending the high phase of the
clock signal, which increases the duty cycle of the clock signal. In this example, the
second inverter 1265 imverts the inverted clock signal after low-phase extension to obtain
the clock signal, and the second multiplexer 1270 passes the clock signal from the second
inverter 1265 tw the output 1224 of the duty-cycle adjuster 1224

{8158] In general. the duty-cycle adjuster 1220 includes a high-phase extender (2.g., high-phase
extender 1250) or a low-phase cxtender (c.g., low-phase extender 1750} between the
cutput 1248 of the first multiplexer 1240 and the first input 1272 of the second multiplexer
1270, in which the high-phase extender extends the high phase of the clock signal or the
low-phase extender cxtends the low phase of the clock signal by an adjustable amount
hased on the phase control signal received via the second control input 1228,

{8159] FIG. 18 shows an excraplary implementation of the low-phase extender 1750 according
to certain aspects. In this example, the low-phase cxtender 1750 includes an AND gate
1830 and a delay circuit 1820. The ANID gate 1830 has a first input 1832, a second input
1834, and an output 1836, The first input 1832 of the AND gate 1830 is coupled to the
signal input 1752 of the low-phase extender 1750, the delay circuit 1828 is coupled
between the signal input 1752 of the low-phase extender 1750 and the second input 1834
of the AND gate 1830, and the output 1836 of the AND gate 1830 is coupled to the output
1756 of the low-phase extender 1750. It is to be appreciated that an AND gate may be
implemented with a combination of a NAND gate and an inverter, or any other
combination of ogic gates that can perform an AND operation.

10166] In this example, the delay circuit 1820 includes multiple delay devices 1810-1 10 1810-m0
coupled in series to form a delay line. Each of the delay devices 1810-1 to 1810-m has a
vespective Tirst signal input 1812-1 to 1812-m, a respective second signal input 1814-1 to
1814-m, a respective control input 1816-1 to 1816-m, and a respective delay output 1818-
1 to 1818-m. The first signal input 1812-1 of the delay device 1810-1 is coupled to the
signal input 1752 of the low-phase extender 1750 and the second signal input 1814-1 of

the delay device 1810-1 is coupled to a supply rail {ie., one). The delay output 1818-1
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to 1818-(m-1) of each of delay devices 1810-1 to 1810-{m-1} is coupled 10 the second
signal nput 1814-2 to 1814-m of the next delay device 1810-2 to 1810-m in the delay
line, and the delay output 1818-m of delay device 1810-m is coupled to the output 1826
of the delay circuit 1820, which iz coupled to the sccond input 1834 of the AND gate
1830, The first signal input i812-2 to 1812-m of each of the delay devices 181¢-2 10
1810-1 is coupled to the signal input 1752 of the low-phase extender 1750,

16161] Each of the delay devices 1810-1 to 1810-m is configured to receive a respective control
signal (c.g., control bit) via the respective control input 1816-1 to 1816-m. In this
example, the control input 1754 of the low-phase extender 1750 inchides multiple control
inputs 1734-1 to 1754-m0 in which each of the nuluiple control inputs 1754-1 to 1754-m
is coupled to the control input 1816-1 to 1816-m of arespective one of the delay devices
1810-1 to 1810-m.

10162] In this exarople, ecach of the delay devices 1810-1 1o 1810-m is configured to enable or
disable the respective delay output 1818-1 1o 1818-m based on the respective control
signal. For example, each of the delay device 1810-1 to 1810-m may be configured to
cnable the respective delay output 1818-1 to 1818-m when the respective control signal
has a first logic value and to disable the respective delay output 1818-1 t0 1818-m when
the vespective control signal has a second logic value. The first logic value may be zero
and the second logic value may be one, or vice versa.

10163] Each of the delay devices 1810-1 10 1810-m is configured to pass a low phase (i.¢., logic
zero) at the respective fivst signal input 1812-1 to 1812-m to the respective delay output
1818-1 to 1818-m and pass a low phase {i.e., logic zero) at the respective second signal
input 1814-1 to 1814-m to the respective delay output 1818-1 to 1818-m when the
respective delay output 1818-1 to 1818-m is enabled. In the examople in FIG. 1§, the
second signal input 1814-1 of delay device 1810-1 is coupled w the supply rail. Each of
the delay devices 1810-1 to 1810-m is configured to block the signal {i.e., clock signal}
at the respective first signal input 1812-1 10 1812-m and block (i.e., gate) the signal (ie.,
clock signal} at the respective sccond signal input 1814-2 1o 1814-m when the respective
delay output 1818-1 to 18§18-m is disabled. In this example, each of the delay devices
1810-1 o 1310-m may output a static logic value at the respective delay output 1818-1 to
1818-m when the respective delay output 1818-1 to 1818-m is disabled. The static logic
value roay be 2 one or a zero.

[8164] In this example, the duty-cycle control circuit 330 (shown in FIG. 3} controls the low-

phase extension of the low-phase extender 1750 by controlling the number of the delay
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devices 1810-1 to 1810-m with enabled delay outputs 1818-1 10 1818-m via the control
with enabled delay outputs 1818-1 to 1818-m, the larger the low-phase extension of the
clock signal at the output 1756, In this example, the duty-cycle control circunit 330 enables
the delay outputs 1818-1 to 1818-m of the delay devices 1810-1 1o 1810-mm (also referred
to as delay segments) from right to left in FIG. 18 starting with the delay output 1818-m
of delay device 1810-m. The delay devices 1810-1 to 1810-m with enabled delay outputs
1818-1 to 1818-m generated multiple versions of the clock signal in which the low phases
of the multiple versions of the clock signal are combined at the output 1826 of the delay
circuit 1820 to provide a delay ouiput signal with an extended low phase. The larger the
mimber of the delay devices 1810-1 to 1810-m with enabled delay outputs 1818-1 to
1818-m, the larger the low-phase extension. The delay output signal is ANDed with the
clock signal af the signal input 1752 by the AND gate 1830 to provide the clock signal at
the outpot 1756.

16165] FIG. 18 shows an cxemplary implementiation of each of the delay devices 1810-1 to 1810-
m according to certain aspects. In this example, cach of the delay devices 1810-1 10 1810-
m inclodes a respective AND gate 1840-1 to 1840-m, a respective OR gate 1850-1 o
1850-m, and respective delay buffers 1860-1 to 1860-m and 1870-1 to 1870-m. In each
of the delay devices 1816-1 to 1810-m, the respective AND gate 1840-1 to 1840-m has a
first input coupled to the respective first signal input 1812-1 to 1812-m and a second tnput
coupled to the respective second signal input 1814-1 to 1814-m. In each of the delay
devices 1810-1 to 1810-m, the respective OR gate 1850-1 to 1850-m has a first input
coupled to the output of the respective AND gate 1840-1 to 1840-m and a second input
coupled to the respective confrol input 1816-1 10 1816-m. In each of the defay devices
1810-1 to 1810-m, the respective delay buffers 1860-1 to 1860-m and 18706-1 to 1870-m
are coupled in series between the output of the respective OR gate 1850-1 to 1850-m and
the respective delay output 1818-1 to 1818-m.

10166] In this example, in each of the delay devices 1810-1 o 1810-m, the respective AND gate
1840-1 o 1840-m passes a low phase at the respective first signal input 1812-1 10 1812-
m and a low phase at the respective second signal input 1814-1 to 1814-m to the output
of the respective AND gate 1840-1 1o 1840-m. In each of the delay devices i810-1 to
1810-m, the respective OR gate 1850-1 to 1850-m enables the respective delay output

when the respective control signal is zero (ie., the OR gate passes a low phase to the
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respective delay output) and disables the respective delay output when the respective
control signal is one (i.e., the OR gate blocks a low phase and cutputs a one).

[8167] It is to be appreciated that cach of the delay devices 1810-1 to 1810-m may include a
different number of delay butfers than the number of delay buffcrs shown in the example
mn FIG. 18 depending on, for example, a desired delay for cach of the delay devices 1810-
1 to 1810-m.

16168] FIG. 19 illustrates a method 1900 of phase extension using a delay circuit including delay
devices {¢.g., delay devices 1518-1 to 1310-m or delay devices 1816-1 to 1B10-m}
coupled in series according to certain aspects. The method 1900 mway be performed by
the high-phase extender 1250 or the low-phase extender 1750 according to certain
aspects.

{0169

[

Atblock 1910, a clock signal is received. For exarple, the clock signal may be received
at the mput 1252 of the high-phase extender 1250 or the input 1752 of the low-phase

,,,,,

{6176

mat

1 At block 1920, multiple delayed versions of the clock signal are generated, wherein each
of the delayed versions of the clock signal is delaved by a different number of the delay
devices. For example, the multiple delayed versions of the clock signal may be gencrated
by the delay devices 1510-1 to 1510-m or the delay devices 1810-1 to 1810-m.

{9171

RS

At block 1934, the high phases or low phases of the delayed versions of the clock signal

are combined to obtain a combined clock signal. For example, the high pbascs of the

delayed versions of the clock signal may be combined at the output 1326 of the delay

civeuit 1320, In another example. the low phases of the delayed versions of the clock

signal may be combined at the output 1826 of the delay circuit 1820

{08172] In certain aspects, the roethod 1900 may also include performing an OR operation on the
received clock signal and the combined elock signal. For example, the OR operation may
be performed by the OR gate 1330,

{8173] In cortain aspects, the method 1900 may also include performing an AND operation on
the received clock signal and the combined clock signal. For example, the AND operation
may be performed by the AND gate 1830,

{6174} Implementation examples are described in the following numbered clauses:

[0175) 1. A duty-cycle adjuster, comprising:

{0176} a first multiplexer having a first input, a second input, a select input, and an output,

wherein the first input of the first multiplexer 1s coupled to an input of the duty-cycle

adjuster;
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{0177} a first inverter coupled between the input of the duty-cycele adjuster and the second
input of the first multiplexer;
{3178] a phase extender having a signal tnput, a control input, and an output, wherein the
P gasig E Y P

sigunal input of the phase extender is coupled to the output of the first multiplexer;

10179} a secondd multiplexer having a first input, a second input, a select input, and an
output, wherein the first input of the second multiplexer is coupled to the output of the
phase extender, and the output of the second multiplexer 1s coupled to an output of the
duty-cycle adjuster; and

[0186] a second inverter coupled between the output of the pbase extender and the
second input of the second multiplexer.

[0181] 2. The duty-cycle adjoster of clause 1, wherein the phase extender comprises a low-
phase extender.

[0182] 3. The duty-cycle adjuster of clause 1, wherein the phase extender comprises a high-
phase extender.

16183] 4 The duty-cycle adjuster of clause 1 or 3, wherein the phase extender comprises:

(0184} an OR gate baving a first input, 2 second input, and an output, wherein the first
input of the OR gate is coupled to the signal input of the phase extender, and the output
of the OR gate is coupled to the output of the phase extender; and

{0185} a delay circuit coupled between the signal input of the phase extender and the
sccond input of the OR gate.

[818s] 5. The duty-cycle adjuster of clause 4, wherein the delay circuit has an adjustable

time delay, and the delay circuit is configured to:

{8187} receive a delay control signal at a control input of the delay circuit; and

{0188} adjust the time delay based on the received delay control signal.

[6189] 6. The duty-cycle adjuster of clause 4, wherein the delay circuit coroprises:

[019¢] delay devices coupled in series between the signal input of the phase extender and

the second input of the OR gaie;

10191} wherein each of two or more of the delay devices has a respective furst signal
input, a vespective sceond signal input, and a respective control input, wherein the
respective first signal input of sach of the two or more of the delay devices is coupled to
a respective other one of the delay devices, and the respective second signal input of each
of the two or more of the delay devices is coupled to the signal input of the phase extender,
and wherein each of the two or more of the delay devices is configured to:

{0192} receive a respective controd signal at the respective control input;
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{0193} enahle a respective delay output if the respective control signal has a first logic
valoe; and

{8194} disable the respective delay output if the respective control signal has a second
logic valug.

[0183] 7. The duty-cycle adjuster of clause 6, wherein each of the two or more of the delay
devices is configured to:

[6196] couple the respective first signal input and the respective second signal input to

the respective delay output if the respective control signal has the first jogic value.

[0197] 8. The duty-cvcle adjuster of clause 7, wherein cach of the two or more of the delay
devices is configured o

[03198] decouple the vespective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the second logic value.

{0199] 9, The duty-cycle adjuster of any one of clauses 6 to 8, wherein cach of the two or

wre of the delay devices comprises:

16280} a respective OR gate having a first input, a sccond input, and an output, wherein
the first input of the respective OR gate is coupled to the respective first signal input, and
the second input of the respective OR gate is coupled to the respective second signal input;
and

16261} a respective AND gate having a first input, a second input, and an output, wherein
the first input of the respective AND gate is coupled to the output of the respective OR
gate, the second input of the respective AND gate 1s coupled to the respective control
input, and the output of the respective AND gate is coupled to the respective delay output.

16262) 10. The duty-cyele adjuster of clause 8, wherein each of the two or more of the delay
devices further comprises:

{9283} one or more respective delay buffers coupled between the output of the respective
AND gate and the respective delay output,

16204} 11. The duty-cycle adjuster of clause § or 2, wherein the phase extender comprises:

[6205] an AND gate having a first input, a sccond input, and an output, wherein the first
input of the AND gate is coupled to the signal input of the phase extender, and the output
of the AND gate is coupled to the output of the phase extender; and

{0206} a delay circuit coupled between the signal input of the phase extender and the
second input of the AND gate.

{92687 12, The duty-cycle adjuster of clause 11, wherein the delay circuit has an adjustable

time delay, and the delay circuit is configured to:



WO 2023/048978 PCT/US2022/043221

45
{0208} receive a delay control signal at a control input of the delay circuit; and
[8285] adjust the time delay based on the received delay control signal.
[8216) 13. The duty-cycle adjuster of clause 11, wherein the delay circuit comprises:
{0211} delay devices coupled in series between the signal input of the phase extender and
the second input of the AND gate;
{0212} wherein each of two or more of the delay devices has a respective first signal

input, a rvespective sgcond signal input, and a respective control input, wherein the
respective first signal input of cach of the two or more of the delay devices is coupled o
a respective other one of the delay devices, and the respective second signal input of each
of the two or more of the delay devices is coupled to the signal input of the phase extender,
and wherein each of the two or more of the delay devices is configured to:

{09213} receive a respective controd signal at the respective control input;

10214} cnable a respective delay output if the respective control signal has a first logic
value; and

{6215} disable the respective delay output if the respective control signal has a second
logic value.

{216} 14. The duty-cycle adjuster of clause 13, wherein each of the two or more of the delay
devices is configured to:

19217} couple the respective first signal input and the respective second signal input to
the respective delay output if the respective control signal has the first logic value.

[6218] 15, The duty-cycle adjuster of clause 14, wherein each of the two or more of the delay
devices is contfigured to:

16219} decouple the respective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the second logic value.

{9226} 1s. The duty-cycle adjuster of any one of clauses 13 to 15, wherein cach of the two
or more of the delay devices comprises:

109221} a respective AND gate having a first input, a second input, and an output, wherein
the first input of the respective AND gate is coupled to the respective first signal input,
and the second input of the respective AND gate is coupled to the respective second signal
input; and

10222} a respective OR gate having a first input, a sccond input, and an output, wherein
the first input of the respective OR gate is coupled to the output of the respective AND
gate, the second input of the respective OR gate is coupled to the respective control input,

and the output of the respective OR gate is coupled to the respective delay output.
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02231 17. The duty-cycle adjuster of clause 16, wherein each of the two or more of the delay
devices further comprises:
{8224} one or more respective delay buffers coupled between the output of the respective

R gate and the respective delay output.

[0235] 18. A high-phase extender, comprising:

[022s6] an OR gate having a first input, a second input, and an output, whercin the {irst
input of the OR gate is coupled to an input of the high-phase extender, and the output of
the OR gaic is coupled to an output of the high-phasc extender; and

10227} delay devices coupled in serics between the input of the high-phase extender and
the second input of the OR gate;

[08228] wherein each of two or more of the delay devices has a respective first signal
input, a respective sccond signal input, and a respective control input, wherein the
respective first signal input of each of the two or more of the delay devices is coupled to
a respective other one of the delay devices, and the respective second signal input of each
of the two or more of the delay devices is coupled to the input of the high-phase extender,

and wherein each of the two or more of the delay devices is configured to:

{8229} receive a respective control signal at the respective control input;
{8238} enable a respective delay cutput if the respective control signal has a first logic

value; and

106231} disable the respective delay output if the respective coutrol signal bas a second
logic value.

16232] 19. The high-phase extender of clause 18, wherein each of the two or more of the
delay devices is configured to:

(0233} couple the respective first signal input and the respective second signal input to a
respective delay output if the respective control signal has the first logic value.

[8234] 20. The high-phase extender of clause 19, wherein each of the two or more of the
delay devices is configured to:

[06235] decouple the respective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the second logic vahie.

16236] 21. The high-phase extender of any one of clauses 18 to 20, wherein each of the two
or more of the delay devices corprises:

{0237} a respective OR gate having a first input, a sccond input, and an output, wherein

the first input of the respective OR gate is coupled to the respective first signal input. and
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the second input of the respective OR gate is coupled to the respective second signal inpug;
and

[8238] arespective AND gate having a first input, a second input, and an output, wherein
the first input of the respective AND gaic is coupled to the output of the respective OR
gate, the sceond input of the respective AND gate is coupled to the respective control
input, and the output of the respective AND gate is coupled to the respective delay output.

16238] 22. The high-phase extender of clause 21, wherein each of the two or more of the
delay devices further comprises:

[0240] one ot more respective delay buffers coupled between the output of the respective
AND gate and the respective delay output.

[8241] 23. A low-phase extender, comprising:

109242} an AND gate having a first input, a second input, and an output, wherein the first
mput of the AND gate is coupled to an input of the low-phase extender, and the output of
the AND gate is coupled to an output of the low-phase extender; and

16243} delay devices coupled in series between the input of the low-phase extender and
the second input of the AND gate;

{9244} wherein cach of two or more of the delay devices has a respective first signal
input, a respective second signal input, and a respective control input, wherein the
respective first signal input of cach of the two or more of the delay devices is coupled {o
a respective other one of the delay devices, and the respective second signal input of each
of the two or move of the delay devices is coupled to the input of the low-phase extender,

and wherein cach of the two or more of the delay devices is configured to:

16245} receive a respective control signal at the respective control input;
{0246} enable a respective delay output if the respective control signal bas a first logic

valoe; and

{0247} disable the respective delay output if the respective control signal has a second
logic valug.

[0248] 24, The low-phase extender of clause 23, wherein each of the two or oore of the delay
devices is configured to:

162491 couple the respective first signal input and the vespective second signal inputtoa
respective delay output if the respective control signal has the first logic value.

[0256) 25. The low-phase extender of clause 24, wherein cach of the two or more of the delay

devices is configured to:
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{0251} decouple the respective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the sccond logie valoe.

[8252] 26. The low-phase extender of any one of clauses 23 to 25, wherein each of the two
or more of the delay devices comprises:

10253} avespective AND gate having a first input, a second input, and an output, wherein
the first input of the respective AND gate is coupled to the respective first signal input,
and the second input of the respective AND gate is coupled to the respective second signal
input; and

(0254} a respective OR gate having a first input, a sccond input, and an output, wherein
the first input of the respective OR gate is coupled to the output of the respective AND
gate, the second input of the respective OR gate is coupled to the respective control input,
and the output of the respective OR gate is coupled to the respective delay output.

[0255] 27. The low-phase extender of clause 26, wherein each of the two or oore of the delay
devices {urther comprises:

18256} one or more respective delay buffers coupled between the output of the respective
OR gate and the respective delay output.

[$5257] 28. A method of phase extension using a delay civesit including delay devices coupled

in series, comprising:

{0258} receiving a clock signal;
10259} generating multiple delayed versions of the clock signal, wherein each of the

delayed versions of the clock signal is delaved by a different number of the delay devices;
and
16260} combining high phases or low phases of the delayed versions of the clock signal

to obtain a combined clock signal.

[f261] 29. The method of clause 28, further comprising:

{9262} performing an OR operation on the received clock signal and the combined clock
signal.

[0263] 30, The moethod of clause 28, further comprising:

[0264] performing an AND operation on the received clock signal and the combine

clock signal.

[00265] 31. The method of any one of clauses 28 to 30, wherein generating the raultiple
delaved versions of the clock signal comprises propagating the clock signal through a
ditferent mumber of the delay devices for cach of the multiple delayed versions of the

clock signal.
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It is to be appreciated that the present disclosure is not limited to the exemplary
terminology used above to describe aspects of the present disclosure. For example, a
clock generator may also be referred to as a clock source, a clock synthesizer, or another
term.  In another cxample, a delay buffer may also be referred to as a delay element, a
delay unit, or another term.  In another example, a timing mocasurernent circuit may also
be referred to as a duty-cycle measure circuit, a duty-cyele detector, or another term. A
signal tnput of a flip-flop may also be referred to as a data input {e.g., D input} or ancther
term. A signal path used for the clock signal may also be referred 0 as a clock path.
Also, launching an edge of a signal ray alse be referved o as outputting the edge of the
signal.

The duty-cycle control circuit 330 and the measurement control circuit 520 may each be
implemented with a general-purpose processor, a digital signal processor (BSP), an
application specific integrated circuit (ASIC), a field programmable gate array (FPGA)Y

5t

or other programmable logic device, discrete hardware components {e.g., logic gates), a
state maching, or any combination thergof designed to perform the functions described
herein. A processor may perform the functions described herein by executing software
comprising code for performing the functions. The software may be stored on a
computer-readable storage medivim, such as a RAM, a ROM, an EEPROM. an optical
disk, and/or a magnetic disk.

Within the present disclosure, the word “exemplary” is used to mean “scrving 4s an
cxample, instance, or itustration.” Any iroplementation or aspect described herein as
“exemplary” is not necessarily to be construed as preferred or advaniageous over other
aspects of the disclosure. Likewise, the term “aspects” docs not require that all aspects
of the disclosure include the discussed feature, advantage or mode of operation. The torm
“coupled” is used herein to vefer to the divect or indirect electrical coupling between two
Strucures.

The previous description of the disclosure is provided to enable any person skilied in the
art to rmake or use the disclosure. Various modifications to the disclosure will be readily
apparent to those skilled in the art, and the generic principles defined herein may be
applicd to other variations without departing from the spirit or scope of the disclosure.
Thus, the disclosure is not intended o be limited to the examples described herein but is
to be accorded the widest scope consistent with the principles and novel features disclosed

herein.
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CLAIMS

1. A duty-cycle adjuster, comprising:

a first multiplexer having a first input, a second input, a sclect input, and an
cutput, wherein the first input of the first nuitiplexer is coupled fo an tnput of the duty-
cycle adjuster;

a first inverter coupled between the input of the duty-cycle adjuster and the
second input of the first multiplexer;

a phase extender having a signal input, a control input, and an output, wherein
the signal input of the phase extender is coupled to the cutput of the fivst multiplexer;

a second multiplexer having a first input, a second input, a sclect input, and an
output, wherein the first input of the second multiplexer is coupled 1o the output of the
phase extender, and the output of the second multiplexer is coupled to an output of the
duty-cycle adjuster; and

a second inverter coupled between the cutput of the phase extender and the

second input of the second multiplexer.

2. The duty-cyele adjuster of claim 1, wherein the phase extender comprises a low-

phase extender.

3. The duty-cycle adjuster of claim 1, wherein the phase extender comprises a

high-phase extender.

4. The duty-cyele adjuster of claim 1, wherein the phase extender comprises:

an OR gate having a first input, a second input, and an ovtput, wherein the first
mput of the OR gate is coupled to the signal input of the phase extender, and the output
of the OR gate is coupled to the output of the phase extender; and

a delay circuit coupled between the signal input of the phase extender and the

sccond input of the OR gate.

5. The duty-cycle adjuster of claim 4, wherein the delay circuit has an adjustable

time delay, and the delay circuit is configured to:
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receive a delay control signal at a control input of the delay circuit; and

adjust the time delay based on the received delay control signal.

6. The duty-cycle adjuster of claim 4, wherein the delay circuit comprises:

delay devices coupled 1n series between the signal input of the phase extender
and the second input of the OR gate;

wherein each of two or more of the delay devices has a respective first signal
input, a respective second signal input, and a respective control input, wherein the
respective first signal input of each of the two or more of the delay devices is coupled o
a respective other one of the delay devices, and the respective second signal input of
cach of the two ot more of the delay devices is coupled to the signal input of the phase
extender, and whergin each of the two or more of the delay devices is configured to:

receive a respective control signal at the respective control input;

enable a respective delay output if the respective control signal has a first logic
value; and

disable the respective delay output if the respective control signal has a second

logic value.

7

7. The duty-cyele adjuster of claim 6, wherein each of the two or more of the delay
devices is configured o
couple the respective fivst signal input and the respective sccond signal input fo

the respective delay output if the respective confrol signal has the first logic value.

8. The duty-cycle adjuster of claim 7, wherein each of the two or more of the delay
devices is configured to:

decouple the respective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the sccond logic

value.

9. The duty-cycle adjuster of claim 6, wherein cach of the two or more of the delay

devices compriscs:
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a respective OR gate having a first inpui, a second input, and an outpui, wherein
the first input of the respective OR gate is coupled to the respective first signal input,
and the second input of the respective OR gate is coupled to the respective second signal
input; and

a respective AND gate baving a first input, a second input, and an ouiput,
wherein the first input of the respective ANDY gate is coupled to the output of the
respective OR gate, the second input of the respective AND gate is coupled (o the
respective control input, and the output of the respective AND gate is coupled to the

respective delay outpot.

16 The duty-cyele adjuster of claim 9, wherein each of the two or more of the delay
devices further comprises:
one or more respective delay buffers coupled between the output of the

respective AND gate and the respective delay output.

1t The duty-cycle adjuster of claim 1, wherein the phase extender comprises:

an AND gate having a first input, a second input, and an output, wherein the first
input of the AND gate 1s coupled to the signal input of the phase extender, and the
output of the AND gate is coupled to the output of the phase extender; and

a delay circuit coupled between the signal input of the phase extender and the

second input of the AND gate.

12. The duty-cycle adjuster of claim 11, wherein the delay circuit has an adjustable
time delay, and the delay circuit is configured to:
receive a delay control signal at a conirol input of the delay circuit; and

adjust the time delay based on the received delay control signal.

13 The duty-cycle adjuster of claim 11, wherein the delay circuit comprises:
lelay devices coupled in series between the signal input of the phase extender

and the second input of the AND gate;
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wherein each of two or more of the delay devices has a respective first signal
input, a vespective second signal nput, and a respective control input, wherein the
respective tirst signal input of cach of the two or more of the delay devices is coupled to
a respective other one of the delay devices, and the respective second signal input of
cach of the two or more of the delay devices s coupled to the signal input of the phase
extender, and wherein each of the two or more of the delay devices is configured to:

receive a respective controd signal at the respective control input;

enahle a respective delay output if the respective control signal has a first logic
valoe; and

disable the respective delay output if the respective control signal has a sccond

logic value.

14. The duty-cycle adjuster of claim 13, wherein each of the two or more of the
delay devices is configured to:
couple the respective first signal input and the respective second signal input ©

the respective delay output if the respective control signal has the first logic value.

15. The duty-cycle adjuster of claim 14, whervein each of the two or more of the
delay devices is configured to:

decouple the respective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the second logic

value.

16. The duty-cycle adjuster of claim 13, wherein each of the two or more of the
delay devices comprises:

a respective AND gate having a first input, a second input, and an output,
wherein the first input of the respective AND gate is coupled to the respective first
sigunal input, and the second input of the respective AND gate is coupled to the
respective second signal mput; and

a respective OR gate having a first input, a second input, and an output, wherein

the first input of the respective OR gate is coupled to the output of the respective AND
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gate, the second input of the respective OR gate is coupled to the respective control

input, and the output of the respective OR gate is coupled o the respective delay outpat.

17. The duty-cycle adjuster of claim 16, wherein cach of the two or more of the
delay devices further comprises:
one or more respective delay buffers coupled between the output of the

respective OR gate and the respective delay output.

18. A high-phase extender, comprising:

an OR gate having a first input, a second input, and an output, wherein the first
input of the OR gate is coupled to an input of the high-phase extender, and the oustput of
the OR gaic is coupled to an output of the high-phasc extender; and

delay devices coupled in series between the input of the high-phase extender and
the second input of the OR gate;

wherein cach of two or more of the delay devices has a respective first signal
mput, a respective second signal input, and a respective control input, wherein the
vespective Tivst signal input of each of the two or more of the delay devices is coupled to
a respective other one of the delay devices, and the respective second signal input of
cach of the two or more of the delay devices is coupled to the input of the high-phase
extender, and wherein cach of the two or more of the delay devices is configured to:

receive a vespective control signal at the respective control input;

enable a respective delay output if the respective control signal has a first logic
value; and

disable the respective delay output if the respective control signal has a second

logic valug.

19. The high-phase extender of claim 18, wherein each of the two or more of the
delay devices is configured to:
couple the respective first signal input and the respective second signal input to a

respective delay output if the respective control signal has the first logic value.
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26 The high-phase extender of claim 19, wherein cach of the two or more of the
delay devices is configured to:

decouple the respective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the second logic

value.

21 The high-phase extender of claim 18, wherein each of the two or more of the
delay devices comprises:

a respective OR gate having a first input, a second input, and an output, wherein
the first input of the respective OR gate is coupled to the respective first signal input,
and the second jnput of the respective OR gate is coupled to the respective second signal
input; and

a respective AND gate having a first input, a sccond input, and an output,
wherein the first input of the respective AND gate is coupled o the output of the
respective OR gate, the second input of the respective AND gate is coupled to the
respective control input, and the output of the respective AND gate 1s coupled to the

respective delay output.

22, The high-phase extender of claim 21, wherein cach of the two or more of the
delay devices further compriscs:
one or more respective delay buffers coupled between the output of the

respective AND gate and the respective delay output.

23. A low-phase extender, comprising:

an AND gate having a first input, a sccond input, and an cutput, wherein the first
mput of the AND gate is coupled to an input of the low-phase extender, and the cutput
of the AND gate is coupled to an output of the low-phase extender; and

delay devices coupled in series between the input of the low-phase extender and
the second input of the AND gate;

wherein cach of two or more of the delay devices has a vespective {irst signal
input, a respective second signal input, and a respective control input, wherein the

respective first signal input of each of the two or more of the delay devices is coupled to
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a respective other one of the delay devices, and the respective second signal input of
cach of the two ot more of the delay devices 1s coupled to the input of the low-phase
extender, and whergin each of the two or more of the delay devices is configured to:

receive a respective control signal at the respective control input;

enable a respective delay output if the respective control signal has a first logic
value; and

disable the respective delay output if the respective control signal has a second

logic value.

24. The low-phase exiender of claim 23, wherein each of the two or more of the
delay devices is configured to:
couple the respective first signal input and the respective second signal input to a

respective delay output if the respective control signal has the first logic value.

25, The low-phase extender of claim 24, wherein each of the two or more of the
delay devices is configured to:

decouple the respective first signal input and the respective second signal input
from the respective delay output if the respective control signal has the sccond logic

value.

28. The low-phase exiender of clatm 23, wherein each of the two or more of the
delay devices comprises:

arespective AND gate having a first input, a second input, and an output,
wherein the first input of the respective AND gate is coupled to the respective first
signal input, and the second input of the respective AND gate is coupled to the
respective second signal input; and

avespective OR gate having a first input, a second input, and an output, wherein
the first input of the respective OR gate is coupled to the output of the respective AND
gate, the second input of the respective OR gate is coupled to the respective control

input, and the output of the respective OR gate is coupled o the respective delay outpat.
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27. The low-phase exiender of claim 26, wherein each of the two or more of the
delay devices further coroprises:
one or more respective delay buffers coupled between the output of the

respective OR gate and the respective delay output.

28, A method of phase extension using a delay circuit inchuding delay devices
coupled in series, comprising:

receiving a clock signal;

generating multipie delayed versions of the clock signal, wherein each of the
delaved versions of the clock signal is delaved by a different number of the delay
devices; and

combining high phases or low phases of the delayed versions of the clock signal

to obtain a combined clock signal.

29, The method of claim 28, further comprising:
performing an OR operation on the recetved clock signal and the combine

clock signal.

30. The method of claim 28, further corprising:
performing an AND operation on the received clock signal and the combined

clock signal.

31 The method of claim 28, wherein generating the multiple delayed versions of the
clock signal comprises propagating the clock signal through a different number of the

delay devices for each of the muthtiple delayed versions of the clock signal.
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1900

Receive a clock signal

l \1910

Generate multiple delayed versions of the clock
signal, wherein each of the delayed versions of
the clock signal is delayed by a different \1 920
number of the delay devices

i

Combine high phases or low phases of the \
delayed versions of the clock signal to obtain a 1930
combined clock signal

FIG. 19
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