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Systems and methods for delay control are described herein. In one embodiment, a delay system comprises a first delay circult
configured to provide a voltage bias to a second delay circuit, wherein the voltage bias controls a delay of the second delay circult,
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and to update the voltage bias at an update rate. The delay system also comprises an update controller configured to adjust the
update rate of the first delay circuit. For example, the update controller may adjust the update rate based on timing requirements of

a memory Interface incorporating the delay system. The update rate may be reduced when the timing requirements are more
relaxed to reduce power, and may be increased when the timing reguirements are tighter.
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(57) Abstract: Systems and methods for delay control are described heremn. In one embodiment, a delay system comprises a first
delay circuit configured to provide a voltage bias to a second delay circuit, wherein the voltage bias controls a delay of the second
& delay circuit, and to update the voltage bias at an update rate. The delay system also comprises an update controller configured to ad -
just the update rate of the first delay circuit. For example, the update controller may adjust the update rate based on timing require-
ments of a memory interface mcorporating the delay system. The update rate may be reduced when the timing requirements are more
relaxed to reduce power, and may be increased when the timing requirements are tighter.
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PROGRAMMABLE POWER FOR A MEMORY INTERFACE

BACKGROUND
Field
[0001] Aspects of the present disclosure relate generally to memory, and more

particularly, to programmable power for a memory interface.

Background

[0002] A chip may include a memory interface for interfacing circuits (¢.g., a memory
controller) on the chip with an external memory device, such as a double data rate
dynamic random access memory (DDR DRAM). The memory interface may include
delay circuits for adjusting the timing of signals (¢.g., data signals) in the memory
interface. For example, the memory interface may include delay circuits to compensate
for skew between data signals (e.g., due to mismatches in the lengths of data lines
between the memory mterface and the external memory device). In another example,
the memory interface may include a delay circuit to center a data strobe signal used for

data sampling between transitions of the data signals.

SUMMARY

[0003] The following presents a simplified summary of one or more embodiments 1n
order to provide a basic understanding of such embodiments. This summary 1s not an
extensive overview of all contemplated embodiments, and 1s mmtended to neither 1dentify
key or critical elements of all embodiments nor delincate the scope of any or all
embodiments. Its sole purpose 1s to present some concepts of one or more embodiments
in a simplified form as a prelude to the more detailed description that 1s presented later.

[0004] According to an aspect, a delay system 1s described herein. The delay system
comprises a first delay circuit configured to provide a voltage bias to a second delay
circuit, wherein the voltage bias controls a delay of the second delay circuit, and to
update the voltage bias at an update rate. The delay system also comprises an update
controller configured to adjust the update rate of the first delay circuit.

[0005] A second aspect relates to a method for delay control. The method comprises
providing a voltage bias to a delay circuit, wherein the voltage bias controls a delay of
the delay circuit. The method also comprises updating the voltage bias at an update

rate, and adjusting the update rate.
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[0006] A third aspect relates to an apparatus for delay control. The apparatus comprises
means for providing a voltage bias to a delay circuit, wherein the voltage bias controls a
delay of the delay circuit. The apparatus also comprises means for updating the voltage
bias at an update rate, and means for adjusting the update rate.

[0007] A fourth aspect relates to a memory interface. The memory interface comprises
a first delay circuit configured to delay a signal, wherein the signal comprises one of a
data signal and a data strobe signal. The memory interface also comprises a second
delay circuit configured to provide a voltage bias to the first delay circuit, wherein the
voltage bias controls a delay of the first delay circuit, and to update the voltage bias at
an update rate. The memory interface further comprises an update controller configured
to adjust the update rate of the second delay circuit.

[0008] To the accomplishment of the foregoing and related ends, the one or more
embodiments comprise the features hereinafter fully described and particularly pointed
out 1in the claims. The following description and the annexed drawings set forth in
detail certain 1llustrative aspects of the one or more embodiments. These aspects are
indicative, however, of but a few of the various ways 1in which the principles of various
embodiments may be employed and the described embodiments are intended to include

all such aspects and their equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 shows an example of a memory interface for interfacing with an external
memory device.

[0010] FIG. 2 1s a timing diagram 1llustrating an example of timing between a data
signal and a data strobe.

[0011] FIG. 3 shows an c¢xample of a master-slave architecture according to an
embodiment of the present disclosure.

[0012] FIG. 4 shows an example of a slave delay circuit according to an embodiment of
the present disclosure.

[0013] FIG. 5 shows an example of a master delay circuit according to an embodiment
of the present disclosure.

[0014] FIG. 6 shows an example of a clock delay circuit according to an embodiment of
the present disclosure.

[0015] FIG. 7 shows a master delay circuit with programmable power according to an

embodiment of the present disclosure.
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[0016] FIG. 8 1s a timing diagram illustrating an example in which voltage bias 1s
updated every two clock periods according to an embodiment of the present disclosure.

[0017] FIG. 9 1s a timing diagram 1llustrating an example 1n which voltage bias 1s
updated every four clock periods according to an embodiment of the present disclosure.

[0018] FIG. 10 1s a timing diagram 1llustrating another example in which voltage bias 1s
updated every four clock periods according to an embodiment of the present disclosure.

[0019] FIG. 11 shows an exemplary implementation of an update circuit according to
an embodiment of the present disclosure.

[0020] FIG. 12 1s a timing diagram 1llustrating an example of loop locking according to
an embodiment of the present disclosure.

[0021] FIG. 13 shows an exemplary implementation of a slave delay circuit according
to another embodiment of the present disclosure.

[0022] FIGS. 14A and 14B show examples of different delay paths through the slave
delay circuit of FIG. 13.

[0023] FIG. 15 shows an exemplary implementation of a NAND gate with voltage-
controlled delay according to an embodiment of the present disclosure.

[0024] FIG. 16 shows an exemplary implementation of a master delay circuit according
to another embodiment of the present disclosure.

[0025] FIG. 17 shows an exemplary implementation of a clock delay circuit according
to another embodiment of the present disclosure.

[0026] FIG. 18 1s a timing diagram 1llustrating outputs of a first delay stage and a
second delay stage of the clock delay circuit according to an embodiment of the present
disclosure.

[0027] FIG. 19 shows an exemplary implementation of a count circuit according to an
embodiment of the present disclosure.

[0028] FIG. 20 shows an exemplary implementation of reset logic according to an
embodiment of the present disclosure.

[0029] FIG. 21 shows an exemplary implementation of an update circuit according to
another embodiment of the present disclosure.

[0030] FIG. 22 1s a flow diagram 1llustrating a method for delay control according to an

embodiment of the present disclosure.
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DETAILED DESCRIPTION
[0031] The detailed description set forth below, in connection with the appended
drawings, 1s intended as a description of various configurations and 1s 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, 1t will be apparent to those
skilled 1n the art that these concepts may be practiced without these specific details. In
some 1nstances, well-known structures and components are shown m block diagram

form 1n order to avoid obscuring such concepts.

[0032] A chip may include a memory interface for interfacing circuits (e.g., a memory
controller) on the chip with an external memory device, such as a DDR DRAM. FIG. 1
shows an exemplary memory interface 100 for interfacing a chip with an external
memory device (not shown). The memory interface 100 includes a first plurality of flip-
flops 115(1)-115(n), a first plurality of de-skew circuits 120(1)-120(n), a second
plurality of flip-flops 135(1)-135(n), a second plurality of de-skew circuits 145(1)-
145(n), a first delay circuit 125, and a second delay circuit 140.

[0033] During write operations, the first plurality of flip-flops 115(1)-115(n) receive a
plurality of data signals 117(1)-117(n) in parallel. Each flip-flop 115(1)-115(n) also
receives a data strobe signal 119, which may be a periodic signal having half the
frequency of the incoming data signals 117(1)-117(n). Each flip-tflop 115(1)-115(n)
captures data bits from the respective data signal 117(1)-117(n) on the rising and falling
cdges of the data strobe signal 119, and outputs the captured data bits to the respective

de-skew circuit 120(1)-120(n), which 1s described 1n more detail below.

[0034] The data strobe signal 119 1s also mput to the first delay circuit 125. Before the
first delay circuit 125, the edges of the data strobe signal 119 are approximately aligned
with transitions of the output data signals 118(1)-118(n) of the flip-flops 115(1)-115(n).
This 1s because each tlip-flop 115(1)-115(n) captures data bits for the respective output
data signal 118(1)-118(n) on the rising and falling edges of the data strobe signal 119.
The first delay circuit 125 delays the data strobe signal 119 by a quarter of a period so
that the edges of the delayed data strobe signal 121 are approximately centered between
transitions of the output data signals 118(1)-118(n).

[0035] FIG. 2 shows a sitmplified example of the timing relationship between one of the
output data signals 118 and the data strobe signal 119. In this example, the rising and
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falling edges 220 and 222 of the data strobe signal 119 are approximately aligned with
transitions 210 of the output data signal 118. After being delayed by a quarter of a
period (T/4), the rising and falling edges 220 and 222 of the data strobe signal 121 are
approximately centered between transitions 210 of the output data signal 118, as shown
in FIG. 2. The memory device samples the data signal at the edges of the data strobe
signal 121. Centering the edges of the data strobe signal 121 between transitions of the
data signal helps ensure that the memory device samples the data signal within the valid

data window of the data signal.

[0036] Each de-skew circuit 120(1)-120(n) adds a small amount of delay to the
respective data signal 118(1)-118(n) to compensate for skew between the data signals 1n
going from the memory interface 100 to the memory device (e.g., DDR DRAM). The
skew may be due to mismatches in the lengths of the lines used to transport the data
signals to the memory device and/or another cause. After being delayed by the
respective de-skew circuit 120(1)-120(n), each output data signal 1s output to the
memory device on a respective bi-directional data line DQy-DQ,.;. The data strobe
signal 121 1s output to the memory device on a bi-directional strobe line DQS. The
memory device uses the data strobe signal 121 to sample the data signals received from

the memory interface 100.

[0037] During read operations, the memory interface 100 receives a plurality of data
signals 132(1)-132(n) from the memory device via the bi-directional data lines DQo-
DQ,.; and a data strobe signal 134 from the memory device via the bi-directional strobe
line DQS. Each of the second plurality of de-skew circuits 145(1)-145(n) receives one
of the data signals 132(1)-132(n) and adds a small amount of delay to the respective

data signal to compensate for skew between the data signals.

[0038] The data strobe signal 134 from the memory device 1s input to the second delay
circuit 140, which delays the data strobe signal 134 by a quarter of a period. This 1s
done because the memory device outputs the data strobe signal 134 with the edges of
the data strobe signal aligned with transitions of the data signals 132(1)-132(n). By
delaying the data strobe signal 134 by a quarter of a period, the second delay circuit 140
approximately centers the edges of the delayed data strobe signal 136 between

transitions of the data signals 132(1)-132(n).

[0039] The delayed data strobe 136 1s then mnput to the clock input of each of the second

plurality of thip-tflops 135(1)-135(n). For example, the delayed data strobe signal 136
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may be distributed to the clock inputs of the flip-tflops 135(1)-135(n) using a clock tree.
Each thip-flop 135(1)-135(n) captures data bits from the output 138(1)-138(n) of the
respective de-skew circuit 145(1)-145(n) on the rising and falling edges of delayed data
strobe signal 136. The resulting output data signals 142(1)-142(n) may be sent to

additional circuitry (not shown) in the memory interface 100 for further processing.

[0040] The memory interface 100 may support multiple data rates, in which the rate at
which data 1s sent to and receirved from the memory device can be dynamically adjusted.
For example, the data rate may be increased for applications requiring a high data rate,
and may be decreased for applications that do not require a high data rate. When the
data rate changes, the delays of the delay circuits 125 and 140 need to be adjusted
accordingly. For example, when the data rate 1s doubled, the period of the data strobe
signal 119 1s reduced 1n half. In this example, the delay of the first delay circuit 125 1s
reduced 1n half to maintain a delay of a quarter of a period for the data strobe signal 119.
In another example, when the data rate 1s reduced 1n half, the period of the data strobe
signal 119 1s doubled. In this example, the delay of the first delay circuit 125 1s doubled

to maintain a delay of a quarter of a period for the data strobe signal 119.

[0041] FIG. 3 shows an example of a master-slave architecture 300 for providing
controlled delays 1n a memory interface (e.g., memory interface 100). The master-slave
architecture 300 comprises a master delay circuit 310 and a plurality of slave delay
circuits 315(1)-315(m). Each slave delay circuit 315(1)-315(m) provides a delay that 1s
a multiple of a step delay, in which the step delay 1s controlled by a voltage bias from
the master delay circuit 310. The master delay circuit 310 adjusts the voltage bias based
on a reference clock (e.g., from a crystal oscillator) to maintain a desired step delay for
the slave delay circuits 315(1)-315(m), as discussed further below. The slave delay
circuits 315(1)-315(m) may be used to implement the delay circuits 125 and 140 and the
de-skew circuits 120(1)-120(n) and 145(1)-145(n) shown 1n FIG. 1

[0042] FIG. 4 shows an exemplary implementation of one of the slave delay circuits
315. The slave delay circuit 315 comprises a plurality of delay elements 440(1)-440(p)
(c.g., buffers), and a multiplexer 450. Each of the delay elements 440(1)-440(p) 1s
biased with the voltage bias from the master delay circuit 310. The voltage bias
controls the delay of each delay element 440(1)-440(p).

[0043] The delay elements 440(1)-440(p) are coupled 1n series to form a delay chain
430, 1n which the output 445(1)-445(p) of cach delay element 440(1)-440(p) provides a
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different amount of delay to the signal received at the mnput (denoted “IN”) of the slave
delay circuit 315. More particularly, the output 445(1)-445(p) of cach delay element
440(1)-440(p) provides a delay that 1s a different multiple of a step delay, where the step
delay 1s the delay of one delay element. For example, output 445(1) provides a delay
cqual to one step delay, output 445(2) provides a delay equal to two step delays, output
445(3) provides a delay equal to three step delays, and so forth.

[0044] The outputs 445(1)-445(p) of the delay elements 440(1)-440(p) are coupled to
the multiplexer 450, which selects one of the outputs 445(1)-445(p) under the control of
a delay controller 460. The multiplexer 450 couples the selected output to the output
(denoted “OUT™) of the slave delay circuit 315. The delay controller 460 controls the
delay of the delay circuit 315 by mstructing the multiplexer 450 to select the output
445(1)-445(p) of the delay element 440(1)-440(p) corresponding to the desired delay.

[0045] Thus, the delay controller 460 adjusts the delay of the slave delay circuit 315 by
controlling the number of delay elements 440(1)-440(p) through which the input signal
passes. This allows the delay controller 460 to control the delay by multiples of the step
delay, where the step delay 1s the delay of one delay element. The step delay 1s
controlled by the voltage bias from the master delay circuit 310, as discussed above.
The slave delay circuit 315 1n FIG. 4 may be used to implement any one of the delay
circuits 125 and 140 and the de-skew circuits 120(1)-120(n) and 145(1)-145(n) shown
in FIG. 1. Examples of other implementations of the slave delay circuits are discussed
below.

[0046] FIG. 5 shows an exemplary implementation of the master delay circuit 310. In
this example, the master delay circuit 310 1s a delay locked loop (DLL) comprising a
retiming circuit 510, a clock delay circuit 5135, a phase frequency detector (PFD) 520,
and a voltage bias controller 525. As discussed further below, the voltage bias output of
the master delay circuit 310 1s fed back to the clock delay circuit 515 by a feedback loop
517 to achieve a desired step delay.

[0047] In operation, the retiming circuit 510 receives the reference clock, delays the
reterence clock by one clock period, and outputs the delayed reference clock to a first
input 522 of the PFD 520. The retiming circuit 510 also outputs the reference clock to
the clock delay circuit 515. The clock delay circuit 515 delays the reference clock by an
amount controlled by the voltage bias, which 1s fed back to the clock delay circuit 515
from the output of the master delay circuit 310 by the feedback loop 517. The clock
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delay circuit 515 outputs the resulting delayed reference clock to a second input 524 of
the PFD 520.

The PFD 520 detects the phase error between the first and second nputs 522 and
524, and outputs a phase crror signal to the voltage bias controller 525 based on the
detected phase error. The voltage bias circuit 525 adjusts the voltage bias 1n a direction
that reduces the phase error. The voltage bias circuit 525 may be implemented with a
charge pump and a loop filter.

The phase error approaches zero when the delay of the clock delay circuit 515 18
approximately equal to one period of the reference clock. Thus, the voltage bias
controller 525 adjusts the voltage bias such that the delay of the clock delay circuit 515
1s approximately equal to one clock period. In one aspect, the clock delay circuit 5135
has a delay that 1s approximately equal to a multiple M of the step delay of the slave
delay circuits 315(1)-315(m). Thus, 1n this aspect, the master delay circuit 310 adjusts
the voltage bias to mantain a step delay of approximately T/M, where T 1s one clock
period (cycle).

In one aspect, the reference clock 1s provided by a crystal oscillator (XO). The
crystal oscillator 1s capable of generating a reference clock that 1s approximately
temperature, voltage and/or process invariant. Since the master delay circuit 310 uses
the reference clock as a reference for adjusting the voltage bias, the master delay circuit
310 1s able to adjust the voltage bias to maintain a step delay that is approximately
temperature, voltage and/or process invariant.

FIG. 6 shows an exemplary implementation of the clock delay circuit 515. In
this example, the clock delay circuit 515 comprises M delay elements 610(1)-610(M)
coupled 1n series, in which each delay element 610(1)-610(M) 1s biased by the voltage
bias from the voltage bias controller 525. The delay elements 610(1)-610(M) 1n the
clock delay circuit 515 may be replicas of the delay elements 440(1)-440(p) in the slave
delay circuits 315(1)-315(m).

The master delay circuit 310 may update the voltage bias during cach period of
the reference clock. In particular, the PFD 520 may detect a phase error between the
first input 522 and the second mnput 524 during each clock period (cycle), and output the
detected phase error to the voltage bias controller 525 to update the voltage bias.
However, updating the voltage bias during cach clock period (cycle) may consume a
relatively large amount of power, which reduces battery life when the memory interface

1s implemented 1n a mobile device.
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[0053] Embodiments of the present disclosure provide programmable power for a
master delay circuit, in which the power consumption of the master delay circuit 1s
adjusted by adjusting the rate at which the master delay circuit updates the voltage bias
to the slave delay circuits. For example, the master delay circuit may update the voltage
bias less frequently to reduce power consumption when performance requirements are
lower (¢.g., lower data rates), as discussed further below.

[0054] FIG. 7 shows a master delay circuit 710 with programmable power according to
an embodiment of the present disclosure. The master delay circuit 710 1s a delay
locked loop (DLL) comprising the clock delay circuit 515, the phase frequency detector
(PFD) 520, and the voltage bias controller 525. The master delay circuit 710 further

comprises an update circuit 712 and an output capacitor 730.

[0055] The update circuit 712 1s configured to control the rate at which the master delay
circuit 710 updates the voltage bias based on a control signal N from an update
controller 750, where N 1s programmable and may be an integer. More particularly, the
update circuit 712 causes the master delay circuit 710 to update the voltage bias every N
periods (cycles) of the reference clock (i.e., a rate of one voltage bias update per N
periods). For example, if N equals two, then the master delay circuit 710 updates the

voltage bias every two clock periods (cycles).

[0056] The update circuit 712 may be used to adjust the power consumption of the
master delay circuit 710 by adjusting the rate at which the voltage bias 1s updated. For
example, the update controller 750 may reduce the power consumption of the master
delay circuit 710 by increasing N (1.e., reducing the rate at which the voltage bias 1s
updated).

[0057] In operation, the update circuit 712 outputs a pair of pulses every N periods
(cycles) of the reference clock. Each pair of pulses comprises a Q pulse and a ZQ pulse,
in which the ZQ pulse 1s delayed by approximately one clock period relative to the Q
pulse. For each pair of pulses, the update circuit 712 outputs the ZQ pulse to the first
input 522 of the PFD 520 and outputs the Q pulse to the clock delay circuit 515. The
clock delay circuit 515 delays the Q pulse by an amount controlled by the voltage bias,
which 1s fed back to the clock delay circuit 515 from the output of the voltage bias
controller 525 by the feedback loop 517. The clock delay circuit 515 outputs the
resulting delayed Q pulse to the second mnput 524 of the PFD 520. The PFD 520 detects
a phase error between the ZQ pulse and the delayed Q pulse. For example, the PFD 520
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may detect the phase error by detecting the phase difference between the rising edges of
the ZQ pulse and the delayed Q pulse or the phase difference between the falling edges
of the ZQ pulse and the delayed Q pulse. The PFD 520 outputs a phase error signal to
the voltage bias controller 525 based on the detected phase error. The voltage bias
circuit 525 adjusts the voltage bias 1n a direction that reduces the phase error.

The phase error approaches zero when the delay of the clock delay circuit 515 18
approximately equal to one period of the reference clock. Thus, the voltage bias
controller 525 adjusts the voltage bias such that the delay of the clock delay circuit 515
1s approximately equal to one period clock period. In one embodiment, the clock delay
circuit 515 has a delay that 1s approximately equal to a multiple M of the step delay of
the slave delay circuits 315(1)-315(m). Thus, mn this embodiment, the master delay
circuit 710 updates the voltage bias every N clock periods (cycles) to maintain a step

delay of approximately T/M, where T 18 one clock period (cycle).

The output capacitor 730 1s used to hold the voltage bias at the output of the
voltage bias controller 525 between updates. The voltage bias at the output capacitor
730 may drift between updates of the voltage bias, resulting in jitter at the slave delay
circuits 315(1)-315(m). The voltage bias may drift by a larger amount when the amount
of time between updates increases. As a result, reducing the rate at which the master
delay circuit 710 updates the voltage bias (1.e., increasing N) may reduce power
consumption at the expense of lower performance (¢.g., higher jitter). Thus, there may
be a tradeoft between reducing the power of the master delay circuit 710 and the

performance of the master delay circuit 710.

In this regard, the update controller 750 may be configured to reduce the rate of
voltage bias updates (and hence reduce power) to a level that still provides adequate
performance for a particular application. For example, when the memory interface
operates at a relatively low data rate, the valid data window 1s relatively large. This
relaxes the timing requirements of the memory mterface, allowing the memory interface
to tolerate lower performance from the master delay circuit 710 (1.¢., larger voltage bias
drift between updates). In this case, the update controller 750 may reduce the rate of
voltage bias updates (1.¢., increase N) to reduce power consumption. When the memory
interface operates at a higher data rate, the valid data window 1s smaller and the timing
requirecments of the memory interference are tighter (e.g., flip-tflops in the memory

interface tolerate less jitter). In this case, the update controller 750 may increase the rate
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of voltage bias updates (1.c., decrease N) to increase performance of the master delay
circuit 710. Thus, the rate at which the voltage bias 1s updated may be reduced when
high performance 1s not needed to reduce power consumption, and may be increased

when high performance 1s needed (e.g., at higher data rates).

[0061] Exemplary operations of the master delay circuit 710 for two different N values
will now be described with reference to FIGS. 8 and 9. FIG. 8 1s a timing diagram
illustrating an example where N equals two. In this example, the update circuit 712
outputs a pair of pulses 810(1)-810(3) every two periods (cycles) of the reference clock.
Each pair of pulses 810(1)-810(3) comprises a Q pulse output to the clock delay circuit
515 and a ZQ pulse output to the first input 522 of the PFD 520, where the ZQ pulse 18
delayed by approximately one clock period relative to the Q pulse.

[0062] FIG. 8 also shows each Q pulse after the Q pulse has been delayed by the clock
delay circuit 515. For each pair of pulses, the PFD 520 detects a phase error between
the respective ZQ pulse and the respective delayed Q pulse (as shown 1n FIG. 8), and
the voltage bias controller 525 updates the voltage bias based on the detected phase
error. In this example, the master delay circuit 710 detects a phase error and updates the
voltage bias based on the detected phase error every two periods (cycles) of the
reference clock.

[0063] Although FIG. 8 shows an example in which each delayed Q pulse is early
relative to the respective ZQ pulse (leads the respective ZQ pulse), 1t 1S to be
appreciated that a delayed Q pulse may be late relative to the respective ZQ pulse. For
the case where the delayed Q pulse 1s early, the voltage bias controller 525 increases the
delay of the clock delay circuit 515 to reduce the phase error. For the case where the
delayed Q pulse 1s late, the voltage bias controller 525 decreases the delay of the clock

delay circuit 515 to reduce the phase error.

10064] FIG. 9 1s a timing diagram 1llustrating an example where N equals four. In this
example, the update circuit 712 outputs a pair of pulses 910(1)-910(3) every four
periods (cycles) of the reference clock. Each pair of pulses 910(1)-910(3) comprises a
Q pulse output to the clock delay circuit 515 and a ZQ pulse output to the first input 522
of the PFD 520, where the ZQ pulse 1s delayed by approximately one clock period with
respect to the Q pulse.

[0065] FIG. 9 also shows cach Q pulse after the Q pulse has been delayed by the clock
delay circuit 515. For each pair of pulses, the PFD 520 detects a phase error between
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the respective ZQ pulse and the respective delayed Q pulse (as shown 1n FIG. 9), and
the voltage bias controller 525 updates the voltage bias based on the detected phase
error. In this example, the master delay circuit 710 detects a phase error and updates the
voltage bias based on the detected phase error every four periods (cycles) of the
reference clock.

Thus, FIG. 8 shows an example in which the voltage bias 1s updated every two
clock periods and FIG. 9 shows an example m which the voltage bias 1s updated every
four clock periods. The example in FIG. 9 may reduce power consumption compared to
the example 1n FIG. 8 by updating the voltage bias less frequently at the expense of

more voltage bias drift between updates.

FIG. 10 1s a timing diagram 1llustrating another example where N equals four.
In this example, the update circuit 712 outputs a pair of pulses 1010(1)-1010(3) every
four periods (cycles) of the reference clock. Each pair of pulses 1010(1)-1010(3)
comprises a Q pulse output to the clock delay circuit 515 and a ZQ pulse output to the
first input 522 of the PFD 520, where the ZQ pulse 1s delayed by approximately one
clock period with respect to the Q pulse. This example differs from the example 1n FIG.
9 1n that the ZQ and Q pulses are low 1nstead of high, and the two outputs of the update
circuit 712 are high between pulses instead of low.

FIG. 10 also shows ecach Q pulse after the Q pulse has been delayed by the clock
delay circuit 515. For each pair of pulses, the PFD 520 detects a phase error between
the respective ZQ pulse and the respective delayed Q pulse (as shown 1n FIG. 10), and
the voltage bias controller 525 updates the voltage bias based on the detected phase
error. It 18 to be appreciated that the PFD 520 may detect the phase error by detecting
the phase difference between the rising edges of the pulses or the phase difference
between the falling edges of the pulses (shown 1in FIG. 10). In this example, the master
delay circuit 710 updates the voltage bias every four periods (cycles) of the reference
clock.

FIG. 11 shows an exemplary implementation of the update circuit 712 according
to an embodiment of the present disclosure. In this embodiment, the update circuit 712
comprises a programmable counter 1110, a first clock gate 1115, a second clock gate
1120, and a clock period delay circuit 1122. Each of the clock gates 1115 and 1120
receives the reference clock, and 1s configured to pass the reference clock when the
clock gate recerves a gate-enable signal and to block the reference clock when the clock

gate receives a gate-disable signal, as discussed further below.



CA 02949492 2016-11-17
WO 2015/187308 PCT/US2015/030214
13

[0070] The programmable counter 1110 receives the control signal N from the update
controller 750 and the reference clock. The counter 1110 1s configured to output a gate-
cnable signal 1125 during every Nth period (cycle) of the reference clock, and to output
a gate-disable signal during period(s) between every Nth period (cycle) for N greater
than one. The gate-enable signal 1125 causes the first clock gate 1115 to pass the
reference clock for one clock period to produce a Q pulse. The clock period delay
circuit 1122 delays the gate-enable signal by one clock period, and outputs the delayed
gate-cnable signal 1130 to the second clock gate 1120. The delayed gate-enable signal
1130 causes the second clock gate 1120 to pass the reference clock for one clock period
to produce a ZQ pulse. Since the gate-enable signal 1130 1input to the second clock gate
1120 1s delayed by one clock period relative to the gate-enable signal 1125 mnput to the
first clock gate 1115, the ZQ pulse 1s delayed by one clock period relative to the Q
pulse.

[0071] As discussed above, the counter 1110 outputs a gate-enable signal 1125 during
every Nth period (cycle) of the reference clock. To do this, the counter 1110 may count
the number of periods of the reference clock, and output the gate-enable signal cach
time the counter 1110 counts N periods of the reference clock. Since the value of N 1s
programmable, the rate at which the counter 1010 enables the clock gates 1115 and
1120 to produce a pulse pair (and hence the rate at which the master delay circuit 710
updates the voltage bias) 1s programmable.

[0072] Each of the clock gates 1115 and 1120 may be implemented using one or more
logic gates. For example, each clock gate 1115 and 1120 may comprise an AND gate
having first and second inputs. The first input of the AND gate receives the reference
clock and the second input of the AND gate receives either a gate-enable signal (logic
on¢) or a gate-disable signal (logic zero). In this example, the AND gate passes the
reference clock when the AND gate receives a gate-enable signal (logic one), and
blocks the reference clock when the AND gate receives a gate-disable signal (logic
zero). When the reference clock 1s blocked, the AND gate outputs a logic zero. The
clock gates 1115 and 1120 according to this embodiment may be used to generate high
pulse pairs (examples of which are shown in FIGS. 8 and 9).

[0073] In another example, each clock gate 1115 and 1120 may comprise an OR gate
having first and second inputs. The first input of the OR gate receives the reference
clock and the second input of the OR gate receives either a gate-enable signal (logic

zero) or a gate-disable signal (logic one). In this example, the OR gate passes the
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reterence clock when the OR gate receives a gate-enable signal (logic zero), and blocks
the reference clock when the OR gate receives a gate-disable signal (logic one). When
the reference clock 1s blocked, the OR gate outputs a logic one. The clock gates 1115
and 1120 according to this embodiment may be used to generate low pulse pairs (an
example of which 1s shown in FIG. 10).

It 1s to be appreciated that the clock gates 1115 and 1120 are not limited to the
examples discussed above, and that each clock gate 1115 and 1120 may be implemented
using other types of logic gates and/or a combination of logic gates.

The clock period delay circuit 1122 may be implemented with a thip-tlip (e.g., D
flip-tlop) that receives the reference clock and the gate-enable signal, and delays the
gate-enable signal by one period of the received reference clock.

As discussed above, the update controller 750 may adjust the value of N based
on the timing requirements of the memory interface. For example, the timing
requirements may depend on the data rate of the memory interface at a given time.
When the data rate 18 reduced, the timing requirements of the memory interface become
more relaxed, and hence the performance requirements for the master delay circuit are
reduced. In this case, the rate at which the voltage bias 1s updated may be reduced (1.¢.,
N may be increased) to reduce power consumption. When the data rate 18 mncreased, the
timing requirements of the memory interface become tighter (e.g., the amount of jitter
that can be tolerated by tlip-flops for proper data sampling 1s reduced). In this case, the
rate at which the voltage bias 1s updated may be increased (1.€., N may be reduced) to
increase performance.

In one embodiment, the update controller 750 may include a lookup table, in
which the lookup table comprises a plurality of different data rates supported by the
memory 1nterface. The lookup table may map each data rate to a corresponding value
of N. The value of N may be larger for lower data rates. In this embodiment, the
update controller 750 may receive an indication of the current data rate of the memory
interface (e.g., from a memory controller), and determine a value of N corresponding to
the current data rate using the lookup table. The update controller 750 may then
program the update circuit 712 1n the master delay circuit 710 with the determined value
of N.

If the data rate changes, then the update controller 750 may determine a value of
N corresponding to the new data rate using the lookup table. If the value of N for the

new data rate 18 different from the value of N for the previous data rate, then the update
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controller 750 may program the update circuit 712 1n the master delay circuit 710 with
the value of N for the new data rate. Thus, the value of N (and hence the rate of voltage
bias updates) may be adjusted according to changes 1n the data rate of the memory
interface.

[0079] For example, for a DDR memory interface, N may be set to a maximum value
(¢.g., 32) when the data rate 1s below a first data rate (e.g., below 400 MHz), and N may
be set to one when the data rate 1s above a second data rate (e.g., above 1.6 GHz). In
this example, N may be adjusted to a value between one and the maximum value for
data rates between the first and second data rates (e.g., between 400 MHz and 1.6 GHz).

[0080] When the master delay circuit 710 1s first powered on, the phase error may be
relatively large. In this regard, the update controller 750 may 1nitially set the value of N
to one to quickly reduce the phase error and lock the loop of the master delay circuit
710. When the phase error drops to an acceptable level, the update controller 750 may
increase the value of N to reduce power consumption. For example, the update
controller 750 may increase the value of N based on the current data rate of the memory
Interface, as discussed above.

[0081] FIG. 12 is a timing diagram showing an e¢xample in which the value of N is
initially set to one during a locking period. During the locking period, the voltage bias
1s updated every period of the reference clock to quickly lock the loop of the master
delay circuit 710. The locking period may end when the phase error drops to an
acceptable level (e.g., a level that meets timing requirements of the memory interface).
After the loop of the master delay circuit 710 1s locked, the value of N may be increased
to reduce power. In the example shown 1n FIG. 12, the value of N 1s increased to four.
However, 1t 18 to be appreciated that embodiments of the present disclosure are not
limited to this example, and that the value of N may be increased to any value that
meets timing requirements of the memory interface. It 1s also to be appreciated that the
locking period 1s not limited to the duration in the example shown in FIG. 12. In
general, the duration of the locking period may depend on the number of voltage bias
updates needed to reduce the phase error to an acceptable level.

[0082] In one embodiment, the update controller 750 may end the locking period after a
predetermined number of clock periods from the start of the locking period. In this
embodiment, the predetermined number of clock periods may be based on an estimate
of the number of clock periods needed to lock the master delay circuit 710. In another

embodiment, the update controller 750 may monitor the detected phase error from the
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PFD 520. In this embodiment, the update controller 750 may end the locking period
when the detected phase error drops below a threshold.

[0083] FIG. 13 shows an exemplary implementation of a slave delay circuit 1315
according to an embodiment of the present disclosure. The slave delay circuit 1315 may
be used to implement any one of the slave delay circuits 315(1)-315(m) shown 1n FIG.
3. The slave delay circuit 1315 comprises a first plurality of NAND gates 1310(1)-
1310(5) along a forward path (indicated by arrow 1312), and a second plurality of
NAND gates 1330(1)-1330(5) along a return path (indicated by arrow 1332). The slave
delay circuit 1315 also comprises a third plurality of NAND gates 1320(1)-1320(5)
between the forward and return paths, where cach NAND gate 1320(1)-1320(5) 1s
coupled between two different positions on the forward and return paths. The NAND
gates 1310(1)-1310(5), 1320(1)-1320(5) and 1330(1)-1330(5) arc biased by the voltage
bias (not shown 1in FIG. 13) from the master delay circuit, in which the voltage bias
controls the delay of each NAND gate.

[0084] In this embodiment, a delay controller 1340 controls the delay between the mnput
and output (denoted “IN” and “OUT”) of the slave delay circuit 1315. The delay
controller 1340 does this by selectively enabling and disabling NAND gates 1n the slave
delay circuit 1315 to control the path of a signal through the slave delay circuit 1313, as
discussed further below.

[0085] In this regard, NAND gates 1310(1)-1310(5) receive control signals at control
inputs 1317(1)-1317(5) from the delay controller 1340, NAND gates 1320(1)-1320(5)
recerve control signals at control inputs 1325(1)-1325(5) from the delay controller 1340,
and NAND gate 1330(5) recerves a control signal at control mnput 1335 from the delay
controller 1340. For case of illustration, the connections between the control inputs of
the NAND gates and the delay controller 1340 are not shown in FIG. 13. The control
signals selectively enable and disable the NAND gates to control the path of a signal
through the slave delay circuit 13135, and hence control the delay of the signal through
the slave delay circuit 1315. When a NAND gate 1s enabled (e.g., by inputting a logic
one to the respective control input), the NAND gate acts as an inverter. When a NAND
gate 1s disabled (e.g., by mputting a logic zero to the respective control input), the
output state of the NAND gate 1s constant.

[0086] FIG. 14A shows an example in which the delay controller 1340 forms a delay
path 1410 through NAND gates 1310(1)-1310(3), 1320(4) and 1330(1)-1330(4) of the

slave delay circuit 1315. In this example, the delay through the slave delay circuit 1315
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cquals eight times the delay of one NAND gate since the signal propagates through
cight NAND gates. FIG. 14A also shows the logic states of the control signals input to
the control inputs of NAND gates 1310(1)-1310(5), 1320(1)-1320(5) and 1330(5) from
the delay controller 1340 to form the delay path 1410. For case of illustration, the
reference numbers of the control mputs are not shown 1n FIG. 14A.

[0087] FIG. 14B shows an example in which the delay controller 1340 forms a delay
path 1420 through NAND gates 1310(1)-1310(4), 1320(5) and 1330(1)-1330(5) of the
slave delay circuit 1315. In this example, the delay through the slave delay circuit 1315
cquals ten times the delay of one NAND gate since the signal propagates through ten
NAND gates. FIG. 14B also shows the logic states of the control signals input to the
control mnputs of NAND gates 1310(1)-1310(5), 1320(1)-1320(5) and 1330(5) from the
delay controller 1340 to form the delay path 1420. For case of illustration, the reference
numbers of the control inputs are not shown 1n FIG. 14B.

[0088] In this embodiment, the delay controller 1340 1s capable of adjusting the delay
of the slave delay circuit 1315 by multiples of a step delay, where the step delay 1s the
delay of two NAND gates. A step delay of two NAND gates ensures that a signal has
the same polarity at the input and output of the salve delay circuit 1315. The step delay
i1s controlled by the voltage bias supplied to the NAND gates from the master delay
circuit. It 1s to be appreciated that the slave delay circuit 1315 1s not limited to the
number of NAND gates 1in the example shown 1n FIG. 13, and that the slave delay
circuit 1315 may include any number of NAND gates. For example, the number of
NAND gates may be increased to increase the number of selectable delays.

[0089] FIG. 15 shows an exemplary implementation of a NAND gate 1510 with
voltage-controlled delay according to an embodiment of the present disclosure. The
NAND gate 1510 may be used to implement the NAND gates in FIG. 13. The NAND
gate 1510 comprises NAND logic 1512, a current-starving PMOS transistor 1520, and a
current-starving NMOS transistor 1550. As discussed further below, the NAND logic
1512 pertorms the logic functions of the NAND gate 1510, and the PMOS and NMOS
transistors 1520 and 1550 control the delay of the NAND gate 1510.

[0090] The NAND logic 1512 comprises a first PMOS transistor 1530, a second PMOS
transistor 1535, a first NMOS 1540 transistor, and a second NMOS transistor 1545.
The sources of the first and second PMOS transistors 1530 and 1535 are coupled
together, the drains of the first and second PMOS transistors 1530 and 1535 are coupled
together, the drain of the first NMOS transistor 1540 1s coupled to the drains of the first
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and second PMOS transistors 1530 and 1535, and the source of the first NMOS

transistor 1540 1s coupled to the drain of the second NMOS transistor 1545. The

sources of the first and second PMOS transistors 1530 and 1535 are coupled to a power-
supply Vdd through the current-starving PMOS transistor 1520, and the source of the
second NMOS transistor 1545 1s coupled to ground through the current-starving NMOS
transistor 1550.

A first input (denoted “IN17°) of the NAND gate 1510 18 coupled to the gates of
the first PMOS transistor 1530 and the first NMOS transistor 1540, and a second input
(denoted “IN2”) of the NAND gate 1510 1s coupled to the gates of the second PMOS
transistor 1535 and the second NMOS transistor 1545. The output (denoted “OUT”) of
the NAND gate 1510 1s coupled to the drains of the first PMOS transistor 1530, the
second PMOS transistor 1535, and the first NMOS transistor 1540.

As discussed above, the NAND logic 1512 performs the logic functions of the

NAND gate 1510. In this regard, the NAND logic 1512 outputs a logic zero if both the

first and second inputs (IN1 and IN2) arc at logic one, and outputs a logic on¢
otherwise. Thus, i1f the second mput (IN2) 1s at logic zero, then the NAND logic 1512
outputs a logic on¢ regardless of the logic state at the first input (IN1). If the second
input (IN2) 1s at logic one, then the NAND logic 1512 outputs the inverse of the logic
state at the first input (IN1).

In one example, the first input (IN1) may be used to receive a signal propagating
through a slave delay circuit (e.g., slave delay circuit 1315), and the second input (IN2)
may be used to receive a control signal from a delay controller (e.g., delay controller
1340). In this example, if the control signal 1s logic zero, then the NAND logic 1512
outputs a logic one regardless of the logic state at the first input (IN1). In this case, the
NAND logic 1512 does not propagate the signal at the first input (IN1). If the control
signal 18 logic one, then the NAND logic 1512 inverts the signal at the first input (IN1),
and therefore propagates the signal as an inverter.

As discussed above, the current-starving PMOS transistor 1520 and the current-
starving NMOS transistor 1550 control the delay of the NAND gate 1510. More
particularly, the current-starving NMOS transistor 1550 receives a first voltage bias Vbn
at 1ts gate, and controls the delay of a signal that causes a falling edge at the output of
the NAND gate 1510 based on the first voltage bias Vbn. This 1s because the first
voltage bias Vbn controls the conductivity of the current-starving NMOS transistor

1550, and therefore the amount of current that can flow from the output (OUT) of the
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NAND gate 1510 to ground through the current-starving NMOS transistor 1550. This,
in turn, controls the fall time of the NAND gate 1510 and therefore the amount of time
for the output (OUT) of the NAND gate 1510 to transition from high to low (i.¢., falling
edge). The higher the first voltage bias Vbn, the higher the current from the output
(OUT) to ground, and thercfore the shorter the delay. The lower the first voltage bias
Vbn, the lower the current from the output (OUT) to ground, and therefore the longer
the delay.

[0095] The current-starving PMOS transistor 1520 receives a second voltage bias Vbp
at 1ts gate, and controls the delay of a signal that causes a rising edge at the output
(OUT) of the NAND gate 1510 based on the second voltage bias Vbp. This 1s because
the second voltage bias Vbp controls the conductivity of the current-starving PMOS
transistor 1520, and therefore the amount of current that can flow from Vdd to the
output (OUT) of the NAND gate 1510 through the current-starving PMOS transistor
1520. This, 1n turn, controls the rise time of the NAND gate 1510, and therefore the
amount of time for the output of the NAND gate 1510 to transition from low to high
(1.c., rising edge). The lower the second voltage bias Vbp, the higher the current from
Vdd to the output (OUT), and therefore the shorter the delay. The higher the second
voltage bias Vbp, the lower the current from Vdd to the output (OUT), and therefore the
longer the delay.

[0096] Thus, the first and second voltage biases Vbn and Vbp control the delay of the
NAND gate 1510, and therefore control the step delay of a slave delay circuit
comprising NAND gates implemented with the NAND gate 1510. The first voltage bias
Vbn controls the delay of a falling edge at the output (OUT) of the NAND gate 1510,
and the second voltage bias Vbp controls the delay of a rising edge at the output (OUT)
of the NAND gate 1510.

[0097] FIG. 16 shows a master delay circuit 1610 configured to adjust the first and
second voltage biases Vbn and Vbp to achieve a desired step delay for the slave delay
circuits according to an embodiment of the present disclosure. The master delay circuit
1610 comprises the update circuit 712, a clock delay circuit 1615, a phase frequency
detector (PFD) 1620, a charge pump 1625, a Vbp generator 1640, and an initial pull
circuit 1650. The master delay circuit 1610 further comprises a first capacitor 1630
coupled between the output of the charge pump 1625 and ground, and a second

capacitor 1645 coupled between Vdd and the output of the Vbp generator 1640. As
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discussed further below, the first capacitor 1630 1s used to generate the first voltage bias
Vbn, and the second capacitor 1645 1s used to generate the second voltage bias Vbp.

[0098] In operation, the update circuit 712 outputs a pair of pulses every N periods
(cycles) of the reference clock. Each pair of pulses comprises a Q pulse and a ZQ pulse,
in which the ZQ pulse 1s delayed by approximately one clock period relative to the Q
pulse. For each pair of pulses, the update circuit 712 outputs the ZQ pulse to the first
input 1622 of the PFD 1620 and outputs the Q pulse to the clock delay circuit 1615.
The clock delay circuit 1615 delays the Q pulse by an amount controlled by the first and
second voltage biases Vbn and Vbp, which are fed back to the clock delay circuit 1615
from the outputs of the charge pump 1625 and the Vbp generator 1640, respectively.
The first voltage bias Vbn 1s fed back to the clock delay circuit 1615 by a first feedback
loop 1655, and the second voltage bias Vbp 1s fed back to the clock delay circuit 1615
by a second feedback loop 1660. The clock delay circuit 1615 outputs the resulting
delayed Q pulse to the second input 1624 of the PFD 1620.

[0099] The PFD 1620 detects a phase error between the ZQ pulse and the delayed Q
pulse. For example, the PFD 1620 may detect the phase error by detecting the phase
difference between the rising edges of the ZQ pulse and the delayed Q pulse or the
phase difference between the falling edges of the ZQ pulse and the delayed Q pulse.
The PFD 1620 outputs an UP signal and/or a DOWN signal to the charge pump 1625
based on the detected phase error. The UP signal causes the charge pump 1625 to
charge the first capacitor 1630 (and hence increase the first voltage bias Vbn), and the
DOWN signal causes the charge pump 1625 to discharge the first capacitor 1630 (and
hence decrease the first voltage bias Vbn). The PFD 1620 adjusts the UP signal and/or
DOWN signal (and hence the first voltage bias Vbn) 1n a direction that decreases the
detected phase error.

[0100] The first voltage bias Vbn 1s input to the Vbp generator 1640, which generates
the second voltage bias Vbp based on the first voltage bias Vbn. In one embodiment,
the Vbp generator 1640 may simply adjust the second voltage bias Vbp such that Vdd-
Vbp 1s approximately equal to Vbn. In another embodiment, the Vbp generator 1640
may adjust the second voltage bias Vbp such that the rise times and the fall times of
NAND gates 1n the slave delay circuits are approximately equal. For example, the Vbp
generator 1640 may comprise two NAND gates driven by complementary signals,
causing onc of the NAND gates to rise while the other NAND gate falls. Both NAND
gates may be biased by the first and second voltage biases Vbn and Vbp and may be
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replicas of NAND gates 1n the slave delay circuits. In this example, the Vbp generator
1640 may detect the point (e.g., voltage) where the rising and falling edges of the
NAND gates cross, and adjust the second voltage bias Vbp so that the crossing point 1s
approximately 1n the middle of the wvoltage swing of the NAND gates (e.g.,
approximately half Vdd).

[0101] The phase error approaches zero when the delay of the clock delay circuit 16135
1s approximately equal to one period of the reference clock. Thus, the master delay
circuit 1610 adjusts the first and second voltage biases Vbn and Vbp such that the delay
of the clock delay circuit 1615 1s approximately equal to one clock period. In one
embodiment, the clock delay circuit 1615 has a delay that 1s approximately equal to a
multiple M of the step delay of the slave delay circuits. For example, in a simple
implementation, the clock delay circuit 1615 may comprise 2*M NAND gates coupled
in series, where the step delay 1s the delay of two NAND gates. Thus, 1in this
embodiment, the master delay circuit 1610 updates the first and second voltage biases
Vbn and Vbp every N clock periods (cycles) to maintain a step delay of approximately
T/M, where T 1s one clock period (cycle).

[0102] The first capacitor 1630 holds the first voltage bias Vbn between updates, and
the second capacitor 1645 holds the second voltage bias Vbp between updates. The first
and second voltage biases Vbn and Vbp drift between updates. As discussed above,
increasing the time between updates (1.¢., increasing N) reduces power consumption at
the expense of more drift between updates (and hence lower performance). In this
regard, the update controller 750 may adjust the rate of updates (1.¢., adjust N) to reduce
power consumption while still meeting timing requirements for a particular data rate.

[0103] The maitial pull circuit 1650 1s configured to set the 1nitial values for the first and
second voltage biases Vbn and Vbp to prevent a false lock. To do this, the initial pull
circuit 1650 1nitially pulls up the first voltage bias Vbn to the power supply Vdd and
pulls down the second voltage bias Vbp to ground when a reset signal (denoted ““1 rst”)
1s asserted (e.g., 1 rst 1s logic one). This 1nitially sets the clock delay circuit 1615 to a
delay that 1s shorter than one clock period, which helps ensure that the master delay
circuit 1610 locks the delay of the clock delay circuit 1615 to one clock period.

[0104] After the first and second voltage biases Vbn and Vbp are initially set and reset
1s turned off (e.g., 1 rst 18 logic zero), the master delay circuit 1610 may update the first

and second voltage biases Vbn and Vbp every clock period (cycle) during a locking
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period. Once the master delay circuit 1610 1s locked, the space between updates may be
increased (1.€., N may be increased) to conserve power, as discussed above.

[0105] FIG. 17 shows an exemplary implementation of the clock delay circuit 16135
according to an embodiment of the present disclosure. The clock delay circuit 1615
comprises a first delay stage 1710 and a second delay stage 1750. The total delay
through the clock delay circuit 1615 1s approximately the sum of the delays through the
first and second delay stages 1710 and 1750.

[0106] The first delay stage 1710 comprises an oscillator 1720, and a count circuit
1730. The oscillator 1720 comprises a delay circuit 1725, and an oscillation
cnable/disable circuit 1740.

[0107] The delay circuit 1725 may comprise NAND gates coupled 1n a structure similar
to the structure of the slave delay circuit 1315 1n FIG. 13. In the example shown 1n FIG.
17, a portion of the NAND gates 1n the delay circuit 1725 are enabled to form a delay
path 1712 through the delay circuit 1725. In one example, the delay of the path 1712 1s
cqual to 16*td, where td 1s one step delay (e.g., delay of two NAND gates). The step
delay td 1s controlled by the first and second voltages biases Vbn and Vbp (not shown 1n
FI1G. 17).

[0108] The oscillation enable/disable circuit 1740 controls whether the oscillator 1720
1S enabled or disabled based on a control signal from the count circuit 1730, as
discussed further below. In the example m FIG. 17, the oscillation enable/disable
circuit 1740 comprises a NAND gate 1740 having a first input coupled to the output
1735 of the delay circuit 17235, a second mput 1745 (also referred to as a control input)
coupled to the count circuit 1730 for recerving the control signal, and an output coupled
to the input of the delay circuit 1725. The NAND gate 1740 may be biased by the first
and second voltages biases Vbn and Vbp (not shown 1n FIG. 17).

[0109] In this example, when the control signal 1s logic one, the NAND gate 1740 acts
as an mverter between the output and input of the delay circuit 1725, causing the delay
circuit 1725 to oscillate. Thus, the oscillator 1720 1s enabled when the control signal 18
logic one. When the control signal 1s logic zero, the output state of the NAND gate
1740 1s held constant at logic one regardless of the logic state at the output of the delay
circuit 1725. This effectively blocks the output of the delay circuit 1725 from the mput
of the delay circuit 1725. As a result, the delay circuit 1725 1s prevented from

oscillating. Thus, the oscillator 1720 1s disabled when the control signal 1s logic zero.
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[0110] When the oscillator 1720 1s enabled, the delay circuit 1725 and the NAND gate
1740 form a closed loop 1n which one trip through the loop 1s equal to the sum of the
delay of the path 1712 through the delay circuit 1725 and the delay of the NAND gate
1740. For the example where the delay of the path 1712 equals 16*td, one trip through
the loop approximately equals 16.5%td (1.e., 16*td delay through the path 1712 and
0.5*td delay through the NAND gate 1740).

[0111] Exemplary operations of the first delay stage 1710 will now be described
according to embodiments of the present disclosure. In this example, 1t may be assumed
that the first delay stage 1710 receives low Q pulses from the update circuit 712 (an
example of which 1s shown 1n FIG. 10). Prior to receiving a rising edge of a Q pulse
from the update circuit 712, the oscillator 1720 1s disabled (1.¢., the count circuit 1730
outputs a logic zero to the control input 1745 of the NAND gate 1740). In addition, the
count circuit 1730 outputs a logic one to the second delay stage 1750.

[0112] On the rising edge of the Q pulse, the count circuit 1730 1s triggered. This
causes the count circuit 1730 to output a logic one to the control mput 1745 of the
NAND gate 1740 to enable the oscillator 1720. This also causes the count circuit 1730
to begin counting a number of oscillations of the oscillator 1720, and to transition the
output to the second delay stage 1750 from high to low.

[0113] As the oscillator 1720 oscillates, the logic state at the output 1735 of the delay
circuit 1725 changes. The time between changes m the output logic state 1s
approximately equal to the delay of one trip through the NAND gate 1740 and the path
1712 1n the delay circuit 1725. The count circuit 1730 may increment a count value on
cach falling edge at the output 1735 of the delay circuit 1725. Alternatively, the count
circuit 1730 may increment the count value on each rising edge at the output 1735 of the
delay circuit 1725. In either case, the count circuit 1730 increments the count value
cach time a signal makes two trips through the NAND gate 1740 and the path 1712 1n
the delay circuit 1725. For the example in which the delay through the NAND gate
1740 and the path 1712 1n the delay circuit 1725 equals 16.5*%td, the count circuit 1730
increments the count value after a delay of 2*16.5%td.

[0114] When the count value reaches a predetermined terminal count value (e.g., 13
counts), the count circuit 1730 outputs a logic zero to the control mput 1745 of the
NAND gate 1740 to disable the oscillator 1720. The count circuit 1730 also outputs a
rising edge to the second delay stage 1750. Thus, the first delay stage 1710 outputs a

rising edge to the second delay stage 1750 1n response to the count value reaching the
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terminal count value. For the example where the terminal count value 1s 13 and the
delay through the NAND gate 1740 and the delay circuit 1725 1s 16.5%td, the delay
between the rising edge of the Q pulse input to the first delay stage 1710 and the rising
edge output to the second delay stage 1750 1s approximately equal to 13*2*16.5%td.
After the terminal count 1s reached, the oscillator 1720 may remain disabled until the
count circuit 1730 1s re-triggered by the rising edge of the next Q pulse. In addition, the
count circuit 1730 may output a logic one to the second stage 1750 until re-triggered.

[0115] In one embodiment, the second delay stage 1750 has substantially the same
structure as the first delay stage 1710. In this embodiment, the second delay stage 1750
comprises an oscillator 1770, and a count circuit 1780. The oscillator 1770 comprises
an oscillation enable/disable circuit 1790 and a delay circuit 1775. In the example in
FIG. 17, the oscillation enable/disable circuit 1790 comprises a NAND gate 1790. The
delay circuit 1775, the count circuit 1780, and the NAND gate 1790 in the second delay
stage 1750 may function 1n a substantially similar manner as the delay circuit 17235, the
count circuit 1730, and the NAND gate 1740 1n the first delay stage 1710.

[0116] Prior to receiving the rising edge from the first delay stage 1710, the oscillator
1770 1n the second delay stage 1750 1s disabled (1.e., the count circuit 1780 outputs a
logic zero to the control mput 1795 of the NAND gate 1790). Also, the count circuit
1780 outputs a logic one to the PFD 1620.

[0117] On the nising edge from the first delay stage 1710, the count circuit 1780 18
triggered. This causes the count circuit 1780 to output a logic one to the control input
1795 of the NAND gate 1790 to enable the oscillator 1770. This also causes the count
circuit 1780 to begin counting a number of oscillations of the oscillator 1770, and to
transition the output to the PFD 1620 from high to low.

[0118] When the count value at the count circuit 1780 reaches a predetermined terminal
count value (¢.g., 13 counts), the count circuit 1780 outputs a logic zero to the NAND
gate 1790 to disable the oscillator 1770. The count circuit 1780 also outputs a rising
edge to the PFD 1620. For the example in which the terminal count value 1s 13 and the
delay through the NAND gate 1790 and the delay circuit 1775 1s 16.5*%td, the delay
between the rising edge input to the second delay stage 1750 and the rising edge output
to the PFD 1620 1s approximately equal to 13*2*16.5%td. After the terminal count 1s
reached, the oscillator 1770 may remain disabled until the count circuit 1780 1s re-
triggered by the next rising edge from the first delay stage 1710. In addition, the count
1780 may output a logic one to the PFD 1620 until re-triggered.
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[0119] FIG. 18 1s a timing diagram 1llustrating an example of the Q pulse, the output of
the first delay stage 1710, and the output of the second delay stage 1750. In this
example, 1t 1s assumed that N 1s greater than one. The rising edge 1810 of the Q pulse
triggers the count circuit 1730 1n the first delay stage 1710, causing the output of the
first delay stage 1710 to transition from high to low. When the count value of the count
circuit 1730 reaches the terminal count, the first delay stage 1710 outputs a rising edge
1820 to the second delay stage 1750. The rising edge 1820 from the first delay stage
1710 triggers the count circuit 1780 1n the second delay stage, causing the output of the
second delay stage 1750 to transition from high to low. When the count value of the
count circuit 1780 reaches the terminal count, the second delay stage 1750 outputs a
rising edge 1830 to the PFD 1620. The rising edge 1830 output to the PFD 1620 1s
delayed from the rising edge of the Q pulse by the sum of the delays through the first
and second delay stages 1710 and 1750, as shown 1n FIG. 18.

[0120] As discussed above, the master delay circuit 1610 adjusts the first and second
voltage biases Vbn and Vbp until the delay through the clock delay circuit 1615 18
approximately equal to one clock period. Thus, the master delay circuit 1610 adjusts
the first and second voltage biases Vbn and Vbp to achieve a step delay of T/M, where
T 1s one clock period and M 1s the total number of step delays 1n the first and second
delay stages 1710 and 1750. For the example in which the delay through each stage
1710 and 1750 of the clock delay circuit 1615 equals 13*2*16.5*td, the total delay
through the clock delay circuit 1615 1s 2*13*2*%16.5*%td. In this example, the master
delay circuit 1610 adjusts the first and second biases Vbn and Vbp to achieve a step
delay td approximately equal to T/(2*13*2%*16.5), where T 1s one clock period.

[0121] The exemplary clock delay circuit 1615 m FIG. 17 offers one or more of the
following advantages. First, the clock delay circuit 1615 1s able to achieve a small step
delay using a much smaller number of NAND gates compared with sitmply using a long
delay chain, thereby reducing the size of the clock delay circuit 1615. This 1s because
the clock delay circuit 1615 uses a relatively small delay chain (e.g., the NAND gates 1n
path 1712) to form an oscillator, and counts a number of oscillations of the oscillator to
create the delay of the clock delay circuit 16135.

[0122] Another advantage 1s that the power consumption of the clock delay circuit 1615
1s substantial reduced when the rate of voltage bias updates 1s reduced (i.e., N 1s
increased). This 1s because the oscillators 1720 and 1770 are disabled between updates.

As a result, when the space between updates 1s increased (1.e., N 18 1ncreased), the
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dynamic power consumption from the oscillators 1720 and 1770 1s reduced. For
example, when N 1s greater than one, the power consumed by the oscillators 1720 and
1770 1s reduced to approximately 1/N the power consumed by the oscillators 1720 and
1770 for the case where the voltage biases Vbn and Vbp are updated every clock period.

[0123] Another advantage 1s that using two delay stages 1710 and 1750 provides each
stage with more time to reset between Q pulses. For example, when the first delay stage
1710 reaches the terminal count for a current Q pulse and N equals one, the first delay
stage 1710 has an amount of time approximately equal to the delay of the second delay
stage 1750 to reset for the next Q pulse.

[0124] It 1s to be appreciated that the delay circuits 1725 and 1775 are not limited to
NAND gates. For example, each delay circuit 1725 and 1775 may comprise a chain of
delay elements other than NAND gates, in which the delay elements may be replicas of
delay elements in the slave delay circuits. In this example, the mnput and output of the
delay chain may be selectively coupled to form an oscillator, and the respective count
circuit 1730 and 1780 may count a number of oscillations of the oscillator to create a
delay.

[0125] It 1s also to be appreciated that the clock delay circuit 1615 1s not limited to two
delay stages. For example, the clock delay circuit 1615 may comprise one delay stage
1710 1n which the output of the first delay stage 1710 provides the delayed Q pulse to
the PFD 1620. One delay stage 1710 may be used, for example, when the delay stage
1710 has adequate time to reset for the next Q pulse without the need for a second delay
stage (¢.g., when N 1s equal to two or more).

[0126] FIG. 19 shows an exemplary implementation of the count circuit 1730 in the
first delay stage 1710 according to embodiment of the present disclosure. The count
circuit 1780 1n the second delay stage 1750 may also be implemented using the circuit
shown 1n FIG. 19.

[0127] In this embodiment, the count circuit 1730 comprises reset logic 19135, a counter
1910, a NAND gate 1920, a NOR gate 1930, an inverter 1925, and an OR gate 1935. In
the following description, the NAND gate 1920 1n the count circuit 1730 will be
referred to as the second NAND gate 1920 and the NAND gate 1740 used to
cnable/disable the oscillator 1720 will be referred to as the first NAND gate 1740.

[0128] The second NAND gate 1920 has a first input coupled to the output (denoted
“0 0sc”) of the delay circuit 1725, and a second input coupled to an output (denoted

“rst cnt”) of the reset logic 1915. The counter 1910 has an mput (denoted “1 cnt”)
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coupled to the output of the second NAND gate 1920, and an output (denoted “o cnt™)
coupled to the control mput 1745 of the first NAND gate 1740. Thus, i this
embodiment, the logic state of the output (o cnt) of the counter 1910 controls whether
the oscillator 1720 1s enabled or disabled. The OR gate 1935 has a first input for
recerving the mitial reset signal (denoted “1 rst”) and a second mput coupled to the
output (o osc) of the delay circuit 1725 through the inverter 1925. The output of the
OR gate 1935 1s coupled to a reset input (denoted “rst”) of the reset logic 1915. The
NOR gate 1930 has a first input coupled to the mnput (1 _cnt) of the counter 1910 and a
second mput coupled to the output (o cnt) of the counter 1910.

[0129] Exemplary operations of the count circuit 1730 will now be described according
to embodiments of the present disclosure. In this example, it may be assumed that the
first delay stage 1710 recerves low Q pulses from the update circuit 712 (an example of
which 1s shown in FIG. 10). Prior to receiving a rising edge of a Q pulse from the
update circuit 712, the oscillator 1720 1s disabled (1.¢., the counter 1910 outputs (o cnt)
a logic zero to the control mput 1745 of the first NAND gate 1740), and the delay
circuit 1725 outputs (o osc) a logic one to the second NAND gate 1920. The reset logic
1915 outputs (rst cnt) a logic one to the second NAND gate 1920. Thus, the second
NAND gate 1920 receives a logic one from both the delay circuit 1725 and the reset
logic 19135, causing the seccond NAND gate 1920 to output a logic zero to the mput
(1 cnt) of the counter 1910. Since both the mput (1 cnt) and output (o cnt) of the
counter 1910 are logic zero, the NOR gate 1930 outputs a logic one.

[0130] On the rising edge of the Q pulse, the output (rst cnt) of the reset logic 1915
transitions from high to low. This causes the second NAND gate 1920 to output a logic
on¢ to the mput (1 _cnt) of the counter 1910, which triggers the counter 1910 to begin
counting. In response, the counter 1910 outputs (o cnt) a logic one to the control mput
1745 of the first NAND gate 1740, enabling the oscillator 1720. Thus, the counter 1910
cnables the oscillator 1720 1n response to the output (rst cnt) of the reset logic 1915
going low. Further, the logic one at the output (o cnt) of the counter 1910 (which 1s
also fed to the NOR gate 1930) causes the output of the NOR gate 1930 to transition
from high to low.

[0131] When the output (o osc) of the delay circuit 1725 first changes to logic zero mn
the oscillating mode, a logic one 1s mput to the reset input (rst) of the reset logic 1915
through the mverter 1925 and the OR gate 1935. This causes the reset logic 19135 to
reset and output a logic one to the second NAND gate 1920. The logic one from the
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reset logic 1915 causes the second NAND gate 1920 to pass the inverse of the output
(0 osc) of the delay circuit 1725 to the input (1 cnt) of the counter 1910.

[0132] As the oscillator 1720 oscillates, the logic state at the output (o osc) of the delay
circuit 1725 changes. The time between changes m the output logic state 1s
approximately equal to the delay of one trip through the first NAND gate 1740 and the
path 1712 1n the delay circuit 1725.

[0133] During oscillation, the counter 1910 increments a count value each time the
counter mput (1 cnt) rises from low to high (i.e., each rising edge at the output of the
NAND gate 1920). This occurs cach time a signal makes two trips through the first
NAND gate 1740 and the path 1712 1n the delay circuit 1725. Thus, 1n this aspect, the
counter 1910 increments the count value after a delay of two trips through the first
NAND gate 1740 and the path 1712 1n the delay circuit 1725. For the example where
the delay through the first NAND gate 1740 and the path 1712 1n the delay circuit 1725
equals 16.5%td, the counter 1910 increments the count value after a delay of 2%16.5*td.

[0134] When the count value reaches the terminal count value (e.g., 13 counts), the
counter 1910 outputs (o cnt) a logic zero to both the NOR gate 1930 and the control
input 1745 of the first NAND gate 1740. The logic zero at the control input 1745 of the
first NAND gate 1740 causes the output of the first NAND gate 1740 to be held
constant at logic one, disabling the oscillator 1720. The logic one at the output of the
first NAND gate 1740 propagates through the delay circuit 1725, causing the delay
circuit 1725 to output (o osc) a logic one to the second NAND gate 1920. This, 1n turn,
causes the second NAND gate 1920 to output a logic zero to both the NOR gate 1930
and the mput (1 _cnt) of the counter 1910. As a result, both of the mnputs of the NOR
gate 1930 are logic zero, causing the output of the NOR gate 1930 to transition from
low to high, and hence causing the NOR gate 1930 to output a rising edge to the second
delay stage 1750. Thus, the first delay stage 1710 outputs a rising edge to the second
delay stage 1750 after the counter 1910 reaches the terminal count value. For the
example where the terminal count value 1s 13 and the delay through the first NAND
gatec 1740 and the delay circuit 1725 1s 16.5*td, the delay between the rising edge of the
Q pulse and the rising edge output to the second delay stage 1750 1s approximately
cqual to 13%2*16.5%*td.

[0135] It 1s to be appreciated that instead of incrementing the count value on each rising
edge at the counter mput (1 cnt), as discussed above, the counter 1910 may decrement

the counter value on cach rising edge. In this case, the counter 1910 may start counting



CA 029494952 2016-11-17

WO 2015/187308 PCT/US2015/030214
29

from a predetermined count value, decrement the count value on each rising edge, and
trigger the second clock delay circuit 1710 when the count value reaches a terminal
count value of zero.

[0136] FIG. 20 shows an exemplary implementation of the reset logic 1915 according
to an embodiment of the present disclosure. The reset logic 1915 comprises a first AND
gate 2010, a first NOR gate 2020, an inverter 2030, a second AND gate 2040, a second
NOR gate 2050, and a third NOR gate 2060. The clock mput (denoted “clk™) of the
reset logic 1915 1s coupled to a first input of the first AND gate 2010 and a first input of
the second AND gate 2040. The output of the first AND gate 2010 1s coupled to a first
input of the first NOR gate 2020, and the reset input 1s coupled to a second input of the
first NOR gate 2020. The output of the first NOR gate 2020 1s fed back to a second
input of the first AND gate 2010 through the inverter 2030. The output of the first NOR
gatec 2020 1s also coupled to a second input of the second AND gate 2040. The output
of the second AND gate 2040 1s coupled to a first input of the second NOR gate 2050.
The output of second NOR gate 2050 1s coupled to a first input of third NOR gate 2060,
and the reset input 1s coupled to a second input of the third NOR gate 2060. The output
of third NOR gate 2060 1s coupled to a second input of second NOR gate 2050. The
output of the second NOR gate 2050 1s coupled to the output (denoted “yn”) of the reset
logic 1915.

[0137] The reset logic 1915 may be reset by mputting a logic one to the reset input (rst).
Once reset, the reset logic 1915 may output (yn) a logic one until a rising edge 1s
recerved at the clock mput (clk). When the reset logic 1915 1s used 1n the first delay
stage 1710, the clock mput (clk) may be coupled to the Q output of the update circuit
712, and, when the reset logic 1915 1s used 1n the second delay stage 1750, the clock
input (clk) may be coupled to the output of the first delay stage 1710.

[0138] When a rising edge 18 received at the clock mput (clk), the output of the reset
logic 1915 goes low (i.e., the reset logic 1915 outputs a logic zero). As discussed
above, this may trigger the counter 1910 1n the count circuit 1730 to start counting. The
reset logic 1915 may be reset when the output (o osc) of the delay circuit 1725 goes
low. This 1s because the output (o osc) of the delay circuit 1725 1s fed to the reset input
(rst) of the reset logic 1915 through the inverter 1925. When the reset logic 19135 1s
used 1n the first delay stage 1710, this resets the reset logic 1915 for the rising edge of
the next Q pulse.
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[0139] FIG. 21 shows an exemplary implementation of an update circuit 2110
according to an embodiment of the present disclosure. The update circuit 2110 may be
used to implement the update circuit 712 shown in FIGS. 7 and 16. The update circuit
2110 1s configured to output a pair of pulses every N periods (cycles) of the mput
reference clock. Each pair of pulses comprises a low Q pulse and a low ZQ pulse
(example of which are shown in FIG. 10), in which the ZQ pulse 1s delayed by
approximately one clock period relative to the Q pulse.

[0140] The update controller 2110 comprises a programmable counter 2115, a first
inverter 2120, a first D thip-flop 2130, a second D flip-flop 2150, a second inverter
2135, a first OR gate 2140, a third inverter 2155, and a second OR gate 2160. The
counter 21135, the first flip-flop 2130, and the second flip-flop 2150 may be reset by the
initial reset signal (1 rst), as shown in FIG. 21.

[0141] The counter 2115 receives the control signal N from the update controller 750
and the reference clock. The counter 2115 1s configured to output a logic zero at 1ts
output (denoted ““tcn”) during every Nth period (cycle) of the reference clock, and to
output a logic one at 1ts output (tcn) between every Nth period (cycle) for N greater than
one.

[0142] The first flip-flop 2130 has a clock mput (denoted “clk’) coupled to the
reference clock, a d input coupled to the output (tcn) of the counter 2115 through the
first inverter 2120, and a q output. The second flip-tflop 2150 has a clock input (denoted
“clk”) coupled to the reference clock, a d input coupled to the q output of the first ftlip-
flop 2130, and a q output. Both flip-flops 2130 and 2150 may be positive-edge
triggered flip-flops, in which each tlip-flop latches the logic value at the respective d
input on a rising edge of the reference clock and outputs the latched logic value at the
respective q output for approximately one clock period.

[0143] The first OR gate 2140 has a first input coupled to the q output of the first flip-
flop 2130 through the second inverter 2135, and a second 1nput coupled to the reference
clock. The output of the first OR gate 2140 forms the Q output of the update circuit
2110. The second OR gate 2160 has a first input coupled to the g output of the second
flip-flop 2150 through the third inverter 2155, and a second input coupled to the
reference clock. The output of the second OR gate 2160 forms the ZQ output of the
update circuit 2110.

[0144] Opecrations of the update circuit 2110 will now be described according to

embodiments of the present disclosure.
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[0145] As discussed above, the counter 2115 outputs a logic zero during every Nth
period (cycle) of the reference clock. Each time the counter 2115 outputs a logic zero
for one clock period (cycle), the first OR gate 2140 and the second OR gate 2160 output
a low Q pulse and a low ZQ pulse, respectively, in which the ZQ pulse 1s delayed with
respect to the Q pulse by approximately one clock period. More particularly, the first
inverter 2120 mverts the logic zero at the output (tcn) of the counter 2115, and outputs a
logic one to the d mput of the first thip-tlop 2130. The first tlip-flop 2130 latches the
logic one on a rising edge of the reference clock, and outputs the latched logic one at 1ts
q output for one clock period. The second mnverter 2135 1nverts the logic one at the q
output of the first flip-flop 2130, and outputs a logic zero to the first input of the first
OR gate 2140. This causes the first OR gate 2140 to pass the reference clock to the Q
output for one clock period to generate a low Q pulse.

[0146] The second fhip-tflop 2150 latches the logic one at the q output of the first-flop
2130 after a delay of one clock period, and outputs the latched logic one for one clock
period. The third inverter 2155 mverts the logic one at the q output of the second flip-
flop 2150, and outputs a logic zero to the first input of the second OR gate 2160. This
causes the second OR gate 2160 to pass the reference clock to the ZQ output for one
clock period to generate a low ZQ pulse. Since the q output of the second flip-tflop 2150
1s delayed by one clock period with respect to the q output of the first flip-flop 2130, the
Z.Q pulse 1s delayed with respect to the Q pulse by one clock period.

[0147] FIG. 22 1s a flow diagram 1llustrating a method 2200 for delay control according
to an embodiment of the present disclosure. The method 2200 may be performed by the
master delay circuit 1610 and the update controller 750.

[0148] In step 2210, a voltage bias 1s provided to a delay circuit, wherein the voltage
bias controls a delay of the delay circuit. For example, a master delay circuit (e.g.,
master delay circuit 1610) may provide a voltage bias to a slave delay circuit (e.g., slave
delay circuit 1315) to control a step delay of the slave delay circuat.

[0149] In step 2220, the voltage bias 1s updated at an update rate. For example, the
voltage bias may be adjusted at a rate of one update per N periods (cycles) of a
reference clock.

[0150] In step 2230, the update rate 1s adjusted. For example, the update rate may be
adjusted based on timing requirements of a memory interface incorporating the delay

circuit. In this example, the update rate may be reduced when the timing requirements
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arc more relaxed (e.g., lower data rates) to reduce power, and may be increased when
the timing requirements are tighter (e.g., higher data rates).

[0151] The method may optionally include adjusting the update rate based on a data rate
of a signal being delayed by the delay circuit. For example, the update rate may be set
to a first update rate 1f the data rate of the signal approximately equals a first data rate,
and to the update rate may be set to a second update rate if the data rate of the signal
approximately equals a second data rate, wherein the first data rate 1s lower than the
second data rate, and the first update rate 1s lower than the second update rate.

[0152] The method may optionally include providing a second voltage bias (e.g.,
voltage bias Vbp) to the delay circuit and updating the second voltage bias at the update
rate. The second voltage bias may also control the delay of the delay circuit.

[0153] It 18 to be appreciated that the update controller 750 may be implemented with a
gencral-purpose processor, a digital signal processor (DSP), an application specific
integrated circuit (ASIC), a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination thercof designed to perform the functions described
herein. A general-purpose processor may be a microprocessor, but in the alternative,
the processor may be any conventional processor, controller, microcontroller, or state
machine. A processor may perform the functions of the update controller 750 described
herein by executing software comprising code for performing the functions. The
software may be stored on a computer-readable storage medium, such as a RAM, a
ROM, an EEPROM, an optical disk, and/or a magnetic disk.

[0154] The previous description of the disclosure 1s provided to enable any person
skilled 1n the art to make 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 applied to other variations without departing from the spirit or scope of
the disclosure. For example, although embodiments of the present disclosure are
discussed above using an example of a DRAM, it 1s to be appreciated that embodiments
of the present disclosure are not limited to this example, and may be used with other
types of memory devices. Thus, the disclosure 1s not intended to be lmited to the
examples described herein but 1s to be accorded the widest scope consistent with the

principles and novel features disclosed herein.
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CLAIMS

WHAT IS CLAIMED IS:
1. A delay system, comprising:

a first delay circuit configured to provide a voltage bias to a second delay circuit,
wherein the voltage bias controls a delay of the second delay circuit, and to update the
voltage bias at an update rate; and

an update controller configured to adjust the update rate of the first delay circuat.

2. The delay system of claim 1, wherein the update controller 1s configured to
adjust the update rate based on a data rate of a signal being delayed by the second delay

circuit.

3. The delay system of claim 2, wherein the update controller 1s configured to set
the update rate to a first update rate 1f the data rate of the signal approximately equals a
first data rate, and to set the update rate to a second update rate 1f the data rate of the
signal approximately equals a second data rate, wherein the first data rate 1s lower than

the second data rate, and the first update rate 1s lower than the second update rate.

4. The delay system of claim 1, wherein the first delay circuit 1s configured to
update the voltage bias based on a reference clock, the update rate approximately equals
on¢ update of the voltage bias per N periods of the reference clock, N 1s an integer, and

the update controller 1s configured to adjust N.

5. The delay system of claim 4, wherein the update controller 1s configured to set N
to a first value 1f a data rate of a signal being delayed by the second delay circuit
approximately equals a first data rate, and to set N to a second value 1f the data rate of
the signal approximately equals a second data rate, wherein the first data rate 1s lower

than the second data rate, and the first value of N 1s greater than the second value of N.

0. The delay system of claim 1, wherein the first delay circuit comprises:
an update circuit configured to generate, from a reference clock, a pulse pair for

cach update of the voltage bias, wherein each pulse pair comprises a first pulse and a
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second pulse, and the first pulse 1s delayed relative to the second pulse by approximately
on¢ period of the reference clock;

a voltage-controlled delay circuit configured to delay the second pulse of cach
pulse pair by an amount controlled by the voltage bias;

a phase frequency detector configured to detect, for each pulse pair, a phase
error between the respective first pulse and the respective delayed second pulse; and

a voltage bias controller configured to update the voltage bias for each pulse pair

based on the respective detected phase error.

7. The delay system of claim 6, wherein the update circuit 1s configured to
generate the pulse pairs at a rate of one pulse pair per N periods of the reference clock,

N 1s an integer, and the update controller 1s configured to adjust N.

8. The delay system of claim 7, wherein the update controller 1s configured to set N
to a first value 1f a data rate of a signal being delayed by the second delay circuit
approximately equals a first data rate, and to set N to a second value 1f the data rate of
the signal approximately equals a second data rate, wherein the first data rate 1s lower

than the second data rate, and the first value of N 1s greater than the second value of N.

9. The delay system of claim 1, wherein the delay of the second delay circuit
controlled by the voltage bias 1s a step delay of the second delay circuit, and the second

delay circuit 1s configured to delay a signal by a multiple of the step delay.

10. A method for delay control, comprising:

providing a voltage bias to a delay circuit, wherein the voltage bias controls a
delay of the delay circuit;

updating the voltage bias at an update rate; and

adjusting the update rate.

11.  The method of claim 10, wherem adjusting the update rate comprises adjusting

the update rate based on a data rate of a signal being delayed by the delay circuit.

12.  The method of claim 11, wherein adjusting the update rate comprises:
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setting the update rate to a first update rate 1f the data rate of the signal
approximately equals a first data rate; and

setting the update rate to a second update rate 1f the data rate of the signal
approximately equals a second data rate;

wherein the first data rate 1s lower than the second data rate, and the first update

rate 1s lower than the second update rate.

13.  The method of claim 10, wherem updating the voltage bias comprises updating
the voltage bias based on a reference clock, the update rate approximately equals one
update of the voltage bias per N periods of the reference clock, N 1s an integer, and

adjusting the update rate comprises adjusting N.

14.  The method of claim 13, wherein adjusting the update rate comprises:

setting N to a first value 1f a data rate of a signal being delayed by the delay
circuit approximately equals a first data rate; and

setting N to a second value if the data rate of the signal approximately equals a
second data rate;

wherein the first data rate 18 lower than the second data rate, and the first value

of N 1s greater than the second value of N.

15. The method of claim 10, wherein updating the voltage bias comprises:

generating, from a reference clock, a pulse pair for each update of the voltage
bias, wherein each pulse pair comprises a first pulse and a second pulse, and the first
pulse 1s delayed relative to the second pulse by approximately one period of the
reference clock;

delaying the second pulse of each pulse pair by an amount controlled by the
voltage bias;

detecting, for each pulse pair, a phase error between the respective first pulse
and the respective delayed second pulse; and

updating the voltage bias for cach pulse pair based on the respective detected

phase error.

16.  The method of claim 10, further comprising:



CA 02949492 2016-11-17
WO 2015/187308 PCT/US2015/030214
36

providing a second voltage bias to the delay circuit, wherein the second voltage
bias also controls the delay of the delay circuit; and

updating the second voltage bias at the update rate.

17.  An apparatus for delay control, comprising:

means for providing a voltage bias to a delay circuit, wherein the voltage bias
controls a delay of the delay circuit;

means for updating the voltage bias at an update rate; and

means for adjusting the update rate.

18.  The apparatus of claim 17, wherein the means for adjusting the update rate
comprises means for adjusting the update rate based on a data rate of a signal being

delayed by the delay circuat.

19.  The apparatus of claim 18, wherein the means for adjusting the update rate
COmMprises:

means for setting the update rate to a first update rate 1f the data rate of the signal
approximately equals a first data rate; and

means for setting the update rate to a second update rate 1f the data rate of the
signal approximately equals a second data rate;

wherein the first data rate 1s lower than the second data rate, and the first update

rate 1S lower than the second update rate.

20.  The apparatus of claim 17, wherein the means for updating the voltage bias
comprises means for updating the voltage bias based on a reference clock, the update
rate approximately equals one update of the voltage bias per N periods of the reference
clock, N 1s an integer, and the means for adjusting the update rate comprises means for

adjusting N.

21.  The apparatus of claim 20, wherein the means for adjusting the update rate
COmMprises:
means for setting N to a first value 1f a data rate of a signal being delayed by the

delay circuit approximately equals a first data rate; and
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means for setting N to a second value 1f the data rate of the signal approximately
cquals a second data rate;
wherein the first data rate 18 lower than the second data rate, and the first value

of N 1s greater than the second value of N.

22.  The apparatus of claim 17, wherein the means for updating the voltage bias
COmMprises:

means for generating, from a reference clock, a pulse pair for each update of the
voltage bias, wherein each pulse pair comprises a first pulse and a second pulse, and the
first pulse 1s delayed relative to the second pulse by approximately one period of the
reference clock;

means for delaying the second pulse of each pulse pair by an amount controlled
by the voltage bias;

means for detecting, for each pulse pair, a phase error between the respective
first pulse and the respective delayed second pulse; and

means for updating the voltage bias for each pulse pair based on the respective

detected phase error.

23.  The apparatus of claim 17, further comprising:
means for providing a second voltage bias to the delay circuit, wherein the
second voltage bias also controls the delay of the delay circuit; and

means for updating the second voltage bias at the update rate.

24. A memory interface, comprising:

a first delay circuit configured to delay a signal, wherein the signal comprises
on¢ of a data signal and a data strobe signal;

a second delay circuit configured to provide a voltage bias to the first delay
circuit, wherein the voltage bias controls a delay of the first delay circuit, and to update
the voltage bias at an update rate; and

an update controller configured to adjust the update rate of the second delay

circuit.

25.  The memory interface of claim 24, wherein the update controller 1s configured to

adjust the update rate based on a data rate of the signal.



CA 02949492 2016-11-17
WO 2015/187308 PCT/US2015/030214
38

26.  The memory interface of claim 25, wherein the update controller 1s configured to
set the update rate to a first update rate if the data rate of the signal approximately
cquals a first data rate, and to set the update rate to a second update rate 1f the data rate
of the signal approximately equals a second data rate, wherein the first data rate 1s lower

than the second data rate, and the first update rate 1s lower than the second update rate.

27.  The memory interface of claim 24, wherein the second delay circuit 1s
configured to update the voltage bias based on a reference clock, the update rate
approximately equals one update of the voltage bias per N periods of the reference

clock, N 1s an integer, and the update controller 1s configured to adjust N.

28.  The memory interface of claim 27, wherein the update controller 1s configured to
set N to a first value 1f a data rate of the signal approximately equals a first data rate,
and to set N to a second value 1f the data rate of the signal approximately equals a
second data rate, wherein the first data rate 1s lower than the second data rate, and the

first value of N 1s greater than the second value of N.

29.  The memory interface of claim 24, wherein the second delay circuit comprises:

an update circuit configured to generate, from a reference clock, a pulse pair for
cach update of the voltage bias, wherein each pulse pair comprises a first pulse and a
second pulse, and the first pulse 1s delayed relative to the second pulse by approximately
one period of the reference clock;

a voltage-controlled delay circuit configured to delay the second pulse of each
pulse pair by an amount controlled by the voltage bias;

a phase frequency detector configured to detect, for each pulse pair, a phase
error between the respective first pulse and the respective delayed second pulse; and

a voltage bias controller configured to update the voltage bias for each pulse pair

based on the respective detected phase error.

30.  The memory interface of claim 24, wherein the delay of the first delay circuit
controlled by the voltage bias 1s a step delay of the first delay circuit, and the first delay
circuit 1s configured to delay the signal by a multiple of the step delay.
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