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VOLTAGE LEVEL SHIFTER (VLS) CIRCUITS EMPLOYING A PRE-
CONDITIONING CIRCUIT FOR PRE-CONDITIONING AN INPUT SIGNAL
TO BE VOLTAGE LEVEL SHIFTED IN RESPONSE TO A PRE-CHARGE
PHASE

PRIORITY CLAIM
[0001] The present application claims priority to U.S. Patent Application Serial No.
15/270,174 filed on September 20, 2016 and entitled “VOLTAGE LEVEL SHIFTER
(VLS) CIRCUITS EMPLOYING A PRE-CONDITIONING CIRCUIT FOR PRE-
CONDITIONING AN INPUT SIGNAL TO BE VOLTAGE LEVEL SHIFTED IN
RESPONSE TO A PRE-CHARGE PHASE,” the contents of which is incorporated

herein by reference in its entirety.

BACKGROUND
I. Field of the Disclosure

[0002] The technology of the disclosure relates generally to voltage level shifting of
signals from one voltage domain to a different voltage domain, and more particularly to
half-voltage level shifter (HVLS) circuits for shifting signals from one voltage domain

to a different voltage domain.

II. Background
[0003] Processor-based systems have access to a power supply that provides voltage
to circuit components therein for powering operations. Particular components within a
processor-based system may operate using less voltage than other components during
certain operation modes. For example, a processor may use less voltage to operate
during idle modes. On the other hand, memory may require a certain minimum voltage
to retain data, regardless of the processor’s mode of operation. In this regard, rather
than providing a single voltage supply to supply a higher voltage to all components in a
processor-based system, a plurality of supply voltages at different voltage levels may be
made available to components of the processor-based system. Components, such as
logic circuits, that can operate at a lower voltage are powered by a lower voltage in a
first voltage domain. Components, such as memory, that may be required to operate at

a higher voltage for data retention for example, are powered by a higher voltage in a
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second voltage domain. In this manner, power is conserved as opposed to providing a
single higher voltage to all components.

[0004] To provide for signals from components in one voltage domain operating
from a first voltage supply to be compatibly received and processed by components
operating from a second voltage supply in another voltage domain, and vice versa,
voltage level shifter (VLS) circuits are employed. Figure 1 illustrates an exemplary
electronic system 100 that includes multiple voltage domains, which are shown as a first
voltage domain 102(1) and a second voltage domain 102(2). The first voltage domain
102(1) and the second voltage domain 102(2) are supplied with voltages of different
voltage levels by first and second voltage supplies. VLS circuits 104(1)-104(N) are
provided that are configured to shift respective input signals 106(1)-106(N) in the first
voltage domain 102(1) to respective output signals 108(1)-108(IN) in the second voltage
domain 102(2). For example, the electronic system 100 may include logic circuits in
the first voltage domain 102(1) designed to operate at lower voltage levels of 0.5 Volts
(V) for example, and memory circuits in the second voltage domain 102(2) designed to
operate at higher voltage levels of 1.0 Volts (V) for example. In this scenario, the VLS
circuits 104(1)-104(N) illustrated in Figure 1 would be low-to-high VLS circuits that are
configured to shift the input signals 106(1)-106(N) from the lower, first voltage domain
102(1) of 0.5 V to the respective output signals 108(1)-108(N) in the higher, second
voltage domain 102(2) of 1.0 V. In other words, if an input signal 106(1)-106(N) has a
logic ‘1’/high value, meaning its voltage is approximately 0.5 V from being supplied by
power in the lower, first voltage domain 102(1), the corresponding output signal 108(1)-
108(N) will be shifted to remain a logic ‘1’/high value, but with a voltage of
approximately 1.0 V of the higher, second voltage domain 102(2).

[0005] Memory systems may also be provided in dual voltage domains to further
conserve power. For example, memory arrays that include memory bit cells that may
require higher voltages for data retention are provided in a higher voltage domain.
Circuits that support memory access to the memory array(s), such as decoders, driver
circuits, and sense amplifiers for example, may be provided in a lower voltage domain.
Thus, these dual voltage domain memory systems include VLS circuits to voltage level
shift signals between the memory access circuits and the memory arrays. For example,

these memory systems may employ VLS circuits in wordline decoders to generate word
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line signals to the memory array(s) in the higher voltage domain. Since a conventional
memory system includes memory array(s) that include a large number of memory rows
having corresponding word lines, a corresponding large number of HVLS circuits
would be required to voltage level shift decoded wordline signals generated by the
wordline decoders to the higher voltage domain, thus critically affecting the overall

power/performance/area (PPA) of the memory circuit.

SUMMARY OF THE DISCLOSURE
[0006] Aspects of the present disclosure involve voltage level shifter (VLS) circuits

employing a pre-conditioning circuit for pre-conditioning an input signal to be voltage
level shifted in response to a pre-charge phase. The VLS circuits may be half-voltage
level shifter (HVLS) circuits as an example. A VLS circuit includes a pre-charge circuit
configured to pre-charge an output node in a pre-charge phase in response to a pre-
charge control signal. The VLS circuit also includes a pull-up circuit (e.g., a P-type (P)
metal oxide semiconductor (MOS) (PMOS)-based circuit) and a pull-down circuit (e.g.,
an N-type (N) MOS (NMOS)-based circuit) that are configured to pull-up and pull-
down the pre-charge phase of the output node, respectively, based on a logic voltage
level of an input signal in an evaluation phase to generate a voltage level shifted output
signal on the output node in a higher voltage domain. To mitigate or avoid contention
between the pre-charge circuit and the pull-down circuit in response to the pre-charge
phase, the input signal is pre-conditioned based on the pre-condition control signal such
that the pull-down circuit is not activated by the input signal in response to the pre-
charge phase. For example, if the input signal were not pre-conditioned, the pull-down
circuit may be required to include additional circuitry or components that are responsive
to the pre-condition control signal, such as an additional stacked transistor, to deactivate
the pull-down circuit during the pre-charge phase. However, providing an additional
stacked transistor in the pull-down circuit may decrease the drive strength of the pull-
down circuit. This may cause contention issues with the pull-up circuit during the
evaluation phase unless the pull-up circuit is weakened and/or the pull-down circuit is
strengthened with larger sized transistors, which can cause additional power

consumption and area in an undesired manner. Avoiding reducing the strength of the
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pull-down circuit can also allow the VLS circuit to operate over a wider range of
voltages between the lower and higher voltage domains.

[0007] In this regard, in one exemplary aspect, a VLS circuit comprises a pre-
conditioning circuit. The pre-conditioning circuit is configured to receive an input
signal in a first voltage domain. The pre-conditioning circuit is also configured to
generate a pre-conditioned input signal on an input node in the first voltage domain at a
voltage level on an input node indicating a charge logic state, in response to a pre-
condition control signal having a voltage level of the charge logic state indicating a pre-
charge phase. The VLS circuit further comprises a pre-charge circuit coupled to an
output node and a first supply rail of a supply voltage relative to a second supply rail in
a second voltage domain higher than the first voltage domain. The pre-charge circuit is
configured to couple the first supply rail to the output node in response to a pre-charge
control signal indicating the pre-charge phase. The VLS circuit further comprises a
pull-up circuit coupled to the first supply rail and the output node. The pull-up circuit is
configured to couple the first supply rail to the output node in response to the pre-
conditioned input signal having a voltage level of the charge logic state, and in response
to the pre-condition control signal having a voltage level of a discharge logic state
indicating an evaluation phase. The VLS circuit further comprises a pull-down circuit
coupled to the input node and the second supply rail. The pull-down circuit is
configured to decouple the second supply rail from the output node in response to the
pre-condition control signal indicating the pre-charge phase. The pull-down circuit is
further configured to couple the second supply rail to the output node in response to the
pre-conditioned input signal having a voltage level of the discharge logic state, and in
response to the pre-condition control signal indicating the evaluation phase.

[0008] In another exemplary aspect, a VLS circuit is provided. The VLS circuit
comprises a means for receiving an input signal in a first voltage domain. The VLS
circuit also comprises a means for generating a pre-conditioned input signal in the first
voltage domain at a voltage level on an input node indicating a charge logic state, in
response to a pre-condition control signal having a voltage level of the charge logic state
indicating a pre-charge phase. The VLS circuit also comprises a means for coupling a
first supply rail of a supply voltage relative to a second supply rail in a second voltage

domain higher than the first voltage domain to an output node in response to a pre-
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charge control signal indicating the pre-charge phase. The VLS circuit also comprises a
pull-up means for coupling the first supply rail to the output node in response to the pre-
conditioned input signal having a voltage level of the charge logic state, and in response
to the pre-condition control signal having a voltage level of a discharge logic state
indicating an evaluation phase. The VLS circuit further comprises a pull-down means.
The pull-down means comprises a means for decoupling the second supply rail from the
output node in response to the pre-condition control signal indicating the pre-charge
phase. The pull-down means also comprises a means for coupling the second supply
rail to the output node in response to the pre-conditioned input signal having a voltage
level of the discharge logic state, and in response to the pre-condition control signal
indicating the evaluation phase.

[0009] In another exemplary aspect, a method of voltage level shifting an input
signal from a lower voltage domain to a higher voltage domain is provided. The
method comprises receiving an input signal in a first voltage domain. The method also
comprises generating a pre-conditioned input signal on an input node in the first voltage
domain at a voltage level indicating a charge logic state, in response to a pre-condition
control signal having a voltage level of the charge logic state indicating a pre-charge
phase. The method also comprises coupling a first supply rail to an output node in
response to a pre-charge control signal indicating the pre-charge phase. The method
also comprises coupling the first supply rail to the output node in response to the pre-
conditioned input signal having a voltage level of the charge logic state, and in response
to the pre-condition control signal having a voltage level of a discharge logic state
indicating an evaluation phase. The method also comprises decoupling a second supply
rail from the output node in response to the pre-condition control signal indicating the
pre-charge phase. The method also comprises coupling the second supply rail to the
output node in response to the pre-conditioned input signal having a voltage level of the
discharge logic state, and in response to the pre-condition control signal indicating the
evaluation phase.

[0010] In another exemplary aspect, a multiple voltage domain memory system is
provided. The multiple voltage domain memory system comprises a memory array in a
first voltage domain comprising a plurality of memory rows of a plurality of memory bit

cells each configured to store data. The multiple voltage domain memory system
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comprises a plurality of output word lines in the first voltage domain, each coupled to a
row of memory bit cells among the plurality of memory bit cells. The multiple voltage
domain memory system also comprises a word line decoder. The word line decoder
comprises an address input interface configured to receive a memory address associated
with a memory row in the plurality of memory rows to be addressed. The address input
interface is in a second voltage domain lower than the first voltage domain. The word
line decoder also comprises a word line decoder circuit in the second voltage domain
configured to receive the memory address and decode the memory address into a
decoded word comprising a plurality of word line bit signals. The word line decoder
further comprises a pre-conditioning circuit configured to receive a word line bit signal
among the plurality of word line bit signals in the second voltage domain. The pre-
conditioning circuit is also configured to generate a pre-conditioned signal on an input
node in the second voltage domain at a voltage level indicating a charge logic state, in
response to a pre-condition control signal having a voltage level of the charge logic state
indicating a pre-charge phase. The word line decoder also comprises a plurality of VLS
circuits. Each VLS circuit also comprises a pre-charge circuit coupled to an output
word line among a plurality of output word lines and a first supply rail of a supply
voltage relative to a second supply rail in the second voltage domain. The pre-charge
circuit is configured to couple the first supply rail to the output word line in response to
a pre-charge control signal indicating the pre-charge phase. Each VLS circuit also
comprises a pull-up circuit coupled to the first supply rail and the output word line. The
pull-up circuit is configured to couple the first supply rail to the output word line in
response to the pre-conditioned signal having a voltage level of the charge logic state,
and in response to the pre-condition control signal having a voltage level of a discharge
logic state indicating an evaluation phase. Each VLS circuit also comprises a pull-down
circuit coupled to the input node and the second supply rail. The pull-down circuit is
configured to decouple the second supply rail from the output word line in response to
the pre-condition control signal indicating the pre-charge phase. The pull-down circuit
is also configured to couple the second supply rail to the output word line in response to
the pre-conditioned signal having a voltage level of the discharge logic state in response

to the pre-condition control signal indicating the evaluation phase.
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BRIEF DESCRIPTION OF THE FIGURES

[0011] Figure 1 is a schematic diagram of an exemplary electronic system that

includes dual voltage domains and voltage level shifter (VLS) circuits configured to
shift input signals in a lower voltage domain to corresponding output signals in a higher
voltage domain;

[0012] Figure 2 is a schematic diagram of an exemplary VLS circuit provided in the
form of a half-voltage level shifter (HVLS) circuit that includes a stacked N-type (N)
metal oxide semiconductor (MOS) (NMOS) transistor pull-down circuit to avoid
contention with a pre-charge circuit during a pre-charge phase;

[0013] Figure 3 is a schematic diagram of an exemplary VLS circuit provided in the
form of a HVLS circuit configured to pre-condition an input signal on a input node in a
lower voltage domain in response to a pre-charge phase to avoid contention between a
pull-down circuit and a pre-charge circuit configured to pre-charge an output node in a
higher voltage domain during the pre-charge phase;

[0014] Figure 4 is a flowchart illustrating an exemplary process of the HVLS circuit
in Figure 3 pre-conditioning the input signal on the input node in response to the pre-
charge phase to avoid contention between the pull-down circuit and the pre-charge
circuit, and voltage level shifting the input signal in the lower voltage domain to a
voltage level-shifted output signal in the higher voltage domain during an evaluation
phase;

[0015] Figure 5 is a schematic diagram of another exemplary VLS circuit provided
in the form of a HVLS circuit configured to pre-condition an input signal on an input
node in a lower voltage domain in response to a pre-charge phase, and which
additionally includes a stacked NMOS pull-down circuit configured to pull-down the
output node in the higher voltage domain in response to the signal level of the voltage
level-shifted signal on the output node and the pre-charge phase;

[0016] Figure 6 is a schematic diagram of another exemplary VLS circuit provided
in the form of a HVLS circuit configured to pre-condition an input signal on an input
node in a lower voltage domain in response to a pre-charge phase, and which
additionally includes a clamp circuit configured to clamp the input node in response to a

collapse state;
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[0017] Figure 7 is a schematic diagram of another exemplary VLS circuit provided
in the form of a HVLS circuit configured to pre-condition an input signal on an input
node in a lower voltage domain in response to a pre-charge phase, and which
additionally includes the stacked NMOS pull-down circuit in the HVLS in Figure 5
configured to pull-down the output node in the higher voltage domain in response to the
signal level of the voltage level-shifted signal on the output node and the pre-charge
phase, and the clamp circuit in the HVLS in Figure 6 configured to clamp the input
node in response to a collapse state;

[0018] Figure 8 is a schematic diagram of an exemplary memory system that
includes multiple voltage domains including a lower voltage domain and a higher
voltage domain, and that includes a word line decoder that includes VLS circuits
employing a pre-conditioning circuit for pre-conditioning an input signal to be voltage
level shifted in response to a pre-charge phase to prevent or mitigate contention between
a pre-charge circuit and a pull-down circuit, including but not limited to the HVLS
circuits in Figures 3, 5, 6, and 7; and

[0019] Figure 9 is a block diagram of an exemplary processor-based system that can
include VLS circuits employing a pre-conditioning circuit for pre-conditioning an input
signal to be voltage level shifted in response to a pre-charge phase to prevent or mitigate
contention between a pre-charge circuit and a pull-down circuit, including but not

limited to the HVLS circuits in Figures 3, 5, 6, and 7.

DETAILED DESCRIPTION

[0020] With reference now to the drawing figures, several exemplary aspects of the

present disclosure are described. The word “exemplary” is used herein to mean
“serving as an example, instance, or illustration.” Any aspect described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
aspects.

[0021] Aspects of the present disclosure involve voltage level shifter (VLS) circuits
employing a pre-conditioning circuit for pre-conditioning an input signal to be voltage
level shifted in response to a pre-charge phase. The VLS circuits may be half-voltage
level shifter (HVLS) circuits as an example. A VLS circuit includes a pre-charge circuit

configured to pre-charge an output node in a pre-charge phase in response to a pre-
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charge control signal. The VLS circuit also includes a pull-up circuit (e.g., a P-type (P)
metal oxide semiconductor (MOS) (PMOS)-based circuit) and a pull-down circuit (e.g.,
an N-type (N) MOS (NMOS)-based circuit) that are configured to pull-up and pull-
down the pre-charge phase of the output node, respectively, based on a logic voltage
level of an input signal in an evaluation phase to generate a voltage level shifted output
signal on the output node in a higher voltage domain. To mitigate or avoid contention
between the pre-charge circuit and the pull-down circuit in response to the pre-charge
phase, the input signal is pre-conditioned based on a pre-condition control signal such
that the pull-down circuit is not activated by the input signal in response to the pre-
charge phase. For example, if the input signal were not pre-conditioned, the pull-down
circuit may be required to include additional circuitry or components that are responsive
to the pre-condition control signal, such as an additional stacked transistor, to deactivate
the pull-down circuit during the pre-charge phase. However, providing an additional
stacked transistor in the pull-down circuit may decrease the drive strength of the pull-
down circuit. This may cause contention issues with the pull-up circuit during the
evaluation phase unless the pull-up circuit is weakened and/or the pull-down circuit is
strengthened with larger sized transistors, which can cause additional power
consumption and area in an undesired manner. Avoiding reducing the strength of the
pull-down circuit can also allow the VLS circuit to operate over a wider range of
voltages between the lower and higher voltage domains.

[0022] Before discussing VLS circuits that employ a pre-conditioning circuit for
pre-conditioning an input signal to be voltage level shifted in response to a pre-charge
phase starting at Figure 3, a VLS circuit that does not employ a pre-conditioning circuit
is first discussed with regard to Figure 2.

[0023] Figure 2 is a schematic diagram of an exemplary VLS circuit 200 provided
in the form of a HVLS circuit 202. The HVLS circuit 202 is configured to receive an
input signal IN on an input node 204 in a lower voltage domain VD, and voltage level
shift the input signal IN into an output signal OUTB on an output node 206B in a higher
voltage domain VDy. For example, a voltage level of a supply voltage supplying power
in the lower voltage domain VDr may be 0.5 Volts (V), while a voltage level of a
supply voltage supplying power in the higher voltage domain VDy may be 1.0 V. As
shown in Figure 2, the HVLS circuit 202 is powered by higher supply voltage Vpp i



WO 2018/057232 PCT/US2017/048564

received from a first, positive supply rail 208P in the higher voltage domain VDy to be
able to generate the output signal OUTB in the higher voltage domain VDy. The output
signal OUTB is a complement voltage logic state from the input signal IN, but the
HVLS circuit 202 can include an inverter circuit 210 that inverts the output signal
OUTB to output signal OUT on an output node 206 having the same logic state as the
input signal IN. For example, using the supply voltage example above, if the input
signal IN were 0.5 V, meaning a logic high or ‘1’ state in the lower voltage domain
VD, the HVLS circuit 202 will generate the output signal OUT at approximately 1.0 V
as a logic high or ‘1’ state in the higher voltage domain VDy.

[0024] The HVLS circuit 202 is a dynamic voltage level shifter circuit meaning that
the output signal OUTB is generated on the output node 206B in an evaluation phase
after pre-charging of the output node 206B in a pre-charge phase. In this regard, the
HVLS circuit 202 includes a pre-charge circuit 212 coupled to the output node 206B
and the positive supply rail 208P. The pre-charge circuit 212 is a PMOS transistor MO.
The pre-charge circuit 212 is configured to couple the positive supply rail 208P to the
output node 206B to pre-charge the output node 206B to the higher supply voltage Vpp.
g in response to a pre-charge control signal CTRL indicating a pre-charge state. For
example, the pre-charge control signal CTRL may be a clock signal wherein the pre-
charge state is indicated by a logic low / ‘0’ value. By the pre-charge circuit 212 pre-
charging the output node 206B, this is what is meant by “half-voltage” level shifter. If
the logic state of the input signal IN is a low logic state, the output node 206B is already
pre-charged to the high logic state. Thus, in an evaluation phase when the pre-charge
control signal CTRL is in a high logic state, a pull-up circuit 214U only has to pull-up
the voltage level at the output node 206 to the higher supply voltage Vpp.g in the
evaluation phase from the pre-charged voltage level at the output node 206B during the
pre-charge phase to generate the voltage level shifted output signal OUTB at the higher
voltage domain VDy. However, if the logic state of the input signal IN is a high logic
state during an evaluation phase, a pull-down circuit 214D pulls the output node 206B
down to a second, negative supply rail 208N to generate the voltage level shifted output
signal OUTB in a logic high state in the higher voltage domain VDg.

[0025] The HVLS circuit 202 also includes an NMOS transistor M1 that is provided
as an optional keeper circuit. The NMOS transistor M1 keeps the output node OUTB in

10
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a low logic state if the input signal IN is in a low logic state on a next evaluation phase,
so that the pre-charge circuit 212 does not pre-charge the output node OUTB in the next
evaluation phase.

[0026] With continuing reference to Figure 2, to prevent or mitigate the pull-down
circuit 214D being active and pulling down the output node 206B to the negative supply
rail 208N in contention with the pre-charge circuit 212 pre-charging the output node
206B in the higher supply voltage Vpp.p in the pre-charge phase, the pull-down circuit
214D includes stacked NMOS transistors M2 and M3. NMOS transistor M3 is turned
off by the pre-charge control signal CTRL in the pre-charge state, which as discussed
above causes the pre-charge circuit 212 to be activated to pre-charge the output node
206B to the higher supply voltage Vpp.n. The pull-down circuit 214D also includes
NMOS transistor M2 that pulls the output node 206B down to the negative supply rail
208N in response to the logic state of the input signal IN being a high logic state during
the evaluation phase. The pull-up circuit 214U includes PMOS transistor M4 that is
configured to be activated in response to the input signal IN being in a low logic state to
pull-up the output node 206B to generate the output signal OUTB in a high logic state in
the evaluation phase. Because the PMOS transistor M4 is in the higher voltage domain
VDy and the input signal IN is the lower voltage domain VDi, due to this voltage
difference, the PMOS transistor M4 may not completely turn off in response to the input
signal IN being in a high logic state. Thus, this can cause contention between the pull-
up circuit 214U and the pull-down circuit 214D, because the NMOS transistor M3 must
overcome the pull-up PMOS transistor M4 to drive the output node 206B lower in
response to the input signal IN being in a logic high state. Thus, PMOS transistor M5 is
provided in the pull-up circuit 214U and controlled by the output signal OUT on the
output node 206 to turn off the PMOS transistor M5 and prevent a crow-bar condition
between the positive supply rail 208P and the negative supply rail 208N because of the
contention between the NMOS transistor M3 and the PMOS transistor M4.

[0027] The critical margin that affects the functionality of the HVLS circuit 202 is
the ratio of the pull-down strength of the pull-down circuit 214D through NMOS
transistors M2 and M3 to the pull-up strength of the pull-up circuit 214U through
PMOS transistors M4 and M5. The pull-down strength must be higher than the pull-up

strength. At an extreme voltage difference between the lower and higher voltage
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domains VDy and VDpy, the pull-down path to the negative supply rail 208N is
weakened relative to the pull up path to the positive supply rail 208P, thereby affecting
the voltage range where the HVLS circuit 202 works reliably. To improve the operating
voltage range of the HVLS circuit 202, the drive strength of the pull-down NMOS
transistors M2 and M3 is increased by the size of the pull-down NMOS transistors M2
and M3 and providing such with gates having lower threshold voltages Vt relative to the
pull-up PMOS transistors M4 and M5. In some cases, the pull-up circuit 214U may be
further stacked to reduce its drive strength. Another circuit may be provided to
temporarily weaken the pull-up circuit 214U using a timed signal to assist the pull-down
circuit 214D in overpowering the pull-up path of the pull-up circuit 214U to the positive
supply rail 208P. However, all of these techniques negatively affect the
power/performance/area (PPA) of the HVLS circuit 202 in an undesired manner.

[0028] Figure 3 is a schematic diagram of an exemplary VLS circuit 300 also
provided in the form of a HVLS circuit 302. The HVLS circuit 302 is also configured
to receive an input signal IN on a node 304 in a first, lower voltage domain VD, and
voltage level shift the input signal IN into an output signal OUTB on an output node
306B in a second, higher voltage domain VDy. As will be discussed in more detail
below, unlike the HVLS circuit 202 in Figure 2, the HVLS circuit 302 in Figure 3
includes a pre-conditioning circuit 320 in this example. However, the pre-conditioning
circuit 320 could also be provided as a separate circuit outside of the HVLS circuit 302,
including in a different circuit block for example. The pre-conditioning circuit 320
avoids or mitigates contention between a pre-charge circuit 312 and a pull-down circuit
314D without the need to provide a stacked transistor arrangement in the pull-down
circuit 314D, unlike, for example, the pull-down circuit 214D in the HVLS circuit 202
in Figure 2.

[0029] In this example, the pre-conditioning circuit 320 is provided in the form of
an AND-based logic circuit 332, which in this non-limiting example is an AND gate
324. The pre-conditioning circuit 320 is configured to receive the input signal IN and a
pre-condition control signal CTRLy in the lower voltage domain VD;. The pre-
conditioning circuit 320 is configured to generate a pre-conditioned input signal IN¢ in
the lower voltage domain VDy in response to a pre-charge state of the pre-condition

control signal CTRL;. In a pre-charge state, a pre-charge control signal CTRLy in the
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higher voltage domain VDy is in a charge logic state, which is a lower voltage or ‘0’
logic state in this example. In this example, the pre-charge control signal CTRLy
follows the logic state of the pre-condition control signal CTRL;. For example, the pre-
charge control signal CTRLy may be the pre-condition control signal CTRL; shifted to
or otherwise available in the higher voltage domain VDy. When the pre-charge control
signal CTRLy is in a charge logic state, the pre-charge circuit 312 is turned on to couple
a positive supply rail 308P to the output node 306B. However, when the pre-charge
control signal CTRLy is in a charge logic state, the pre-conditioning circuit 320 forces
the pre-conditioned input signal IN¢ to the charge logic state regardless of the logic state
of the input signal IN, which turns off the NMOS transistor M3 in the pull-down circuit
314D to decouple a negative supply rail 308N (e.g., which may be coupled to ground)
from the output node 306B. In this manner, the pre-conditioning circuit 320 mitigates
or avoids contention between the pre-charge circuit 312 and the pull-down circuit 314D
during the pre-charge phase of the HVLS circuit 302.

[0030] For example, this avoids the need to provide a stacked NMOS transistor
arrangement or additional transistor in the pull-down circuit 314D, unlike in the pull-
down circuit 214D in the HVLS circuit 202 in Figure 2 for example, to decouple the
output node 306B from the negative supply rail 308N during a pre-charge phase. In this
example, the pull-down circuit 314D only includes one (1) NMOS transistor, which is
NMOS transistor M3. Thus, as an example, the HVLS circuit 302 is capable of
operating at more extreme voltage differences between the lower and higher voltage
domains VDy and VD, because of the ratio of the pull-down strength of the pull-down
circuit 314D through NMOS transistor M3 to the pull-up strength of a pull-up circuit
314U through PMOS transistors M4 and M5. The absence of an additional NMOS
transistor in the pull-down circuit 314D does not further weaken the pull-down path to
the negative supply rail 308N relative to the pull up path to the positive supply rail 308P
such that the drive strength of the pull-down circuit 314D must be increased and/or
providing the gate G of the NMOS transistor M3 with lower threshold voltage Vt
relative to pull-up PMOS transistors M4 and MS5.

[0031] With continuing reference to Figure 3, the HVLS circuit 302 can be provided
in an integrated circuit (IC) 316 that may, for example, be provided in a system-on-a-

chip (SoC) 318 with an integrated processor and memory systems. The HVLS circuit
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302 is powered by a higher supply voltage Vppreceived from the first, positive supply
rail 308P in the higher voltage domain VDpg to be able to generate the output signal
OUTB in the higher voltage domain VDy. For example, a voltage level of a supply
voltage supplying power in the lower voltage domain VD; may be 0.5 Volts (V), while
a voltage level of a supply voltage supplying power in the higher voltage domain VDy
may be 1.0 V. The output signal OUTB is a complement voltage logic state from the
pre-conditioned input signal IN¢, but the HVLS circuit 302 can include an inverter
circuit 310 that inverts the output signal OUTB to output signal OUT on output node
306 having the same logic state as the input signal IN and the pre-conditioned input
signal INc. For example, using the supply voltage example above, if the input signal IN
were 0.5 V, meaning a logic high or ‘1’ state in the lower voltage domain VDy, the
HVLS circuit 302 will generate the output signal OUT at approximately 1.0 V as a
logic high or ‘1’ state in the higher voltage domain VDy;.

[0032] The HVLS circuit 302 is a dynamic voltage level shifter circuit meaning that
the output signal OUTB is generated on the output node 306B in an evaluation phase
after pre-charging of the output node 306B in a pre-charge phase. In this regard, the
HVLS circuit 302 includes a pre-charge circuit 312 coupled the output node 306B and
the positive supply rail 308P. The pre-charge circuit 312 is a PMOS logic circuit 326 in
this example, which is PMOS transistor MO in this example. The pre-charge circuit 312
is configured to couple the positive supply rail 308P to the output node 306B to pre-
charge the output node 306B to the higher supply voltage Vpp.y in response to the pre-
charge control signal CTRLy indicating a pre-charge state. For example, the pre-charge
control signal CTRLy may be a clock signal wherein the pre-charge state is indicated by
a logic low / ‘0’ value. By the pre-charge circuit 312 pre-charging the output node
306B, this is what is meant by a “half-voltage” level shifter. If the logic state of the
input signal IN is a low logic state, the output node 306B is already pre-charged to the
high logic state. Thus, in an evaluation phase when the pre-charge control signal
CTRLy is in a high logic state, the pull-up circuit 314U only has to pull-up the voltage
level at the output node 306 to the higher supply voltage Vpp.g in the evaluation phase
from the pre-charged voltage level at the output node 306B during the pre-charge phase
to generate the voltage level shifted output signal OUTB at the higher voltage domain

VDyu. However, if the logic state of the input signal IN is a high logic state during an
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evaluation phase, the pull-down circuit 314D pulls the output node 306B down to the
second, negative supply rail 308N to generate the voltage level shifted output signal
OUTB in a logic high state in the higher voltage domain VDy.

[0033] With continuing reference to Figure 3, when the pre-charge control signal
CTRLy and the pre-condition control signal CTRLy is in a discharge logic state, which
is a higher voltage level or logic ‘1’ state in this example, the HVLS circuit 302 is in an
evaluation phase. In this manner, with the pre-conditioning circuit 320 being an AND
gate 324 in this example, the pre-conditioning circuit 320 passes the actual logic state of
the input signal IN as the pre-conditioned input signal IN¢ to the pull-up circuit 314U
and the pull-down circuit 314D. In this manner, depending on the logic state of the pre-
conditioned input signal IN¢, the pull-up circuit 314U will pull up the output node 306
to the higher voltage level Vpp of the positive supply rail 308P or the pull-down
circuit 314D will pull down the output node 306B to the lower voltage level Vpp of
the negative supply rail 308N to generate the output signal OUTB in the higher voltage
domain VDyg. If the logic state of the pre-conditioned input signal IN¢ is in the charge
logic state in the evaluation phase, which is a higher voltage level or logic ‘1’ state in
example, the PMOS transistor M4 of the pull-up circuit 314U will be turned on to
couple to the positive supply rail 308P to the output node 306B, and the NMOS
transistor M3 of the pull-down circuit 314D will be turned off to decouple the negative
supply rail 308N from the output node 306B. On the other hand, if the logic state of the
pre-conditioned input signal INc is in the discharge logic state in the evaluation phase,
which is a lower voltage level or logic ‘0’ state in example, the PMOS transistor M4 of
the pull-up circuit 314U will be turned off to decouple the positive supply rail 308P
from the output node 306B, and the NMOS transistor M3 of the pull-down circuit 314D
will be turned on to couple the negative supply rail 308N to the output node 306B.
[0034] With continuing reference to Figure 3, the pull-down circuit 314D in this
example includes an NMOS logic circuit 334 which is the NMOS transistor M3 in this
example. A gate G of the NMOS transistor M3 is coupled to a pre-conditioned input
node 336 that carries the pre-conditioned input signal INc¢ generated by the pre-
conditioning circuit 32(0. A first, source electrode S of the NMOS transistor M3 is
coupled to the negative supply rail 308N. A second, drain electrode D of the NMOS
transistor M3 is coupled to the output node 306B. By the gate G of the NMOS
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transistor M3 being coupled to the pre-conditioned input node 336, the pre-conditioned
input signal IN¢ being in a discharge logic state will turn on the NMOS transistor M3 in
an evaluation phase to pull-down and couple the output node 306B to the negative
supply rail 308N to generate the voltage level shifted output signal OUTB in the higher
voltage domain VDy. As discussed above, if the HVLS circuit 302 is in a pre-charge
phase where the pre-charge control signal CTRLy is in a charge logic state to turn on
the pre-charge circuit 312 to couple the output node 306B to the higher supply voltage
Vpp.u of the positive supply rail 308P, the pre-conditioned input signal IN¢ will turn off
the NMOS transistor M3 regardless of the logic state of the input signal IN.

[0035] With continuing reference to Figure 3, the pull-up circuit 314U in this
example includes a PMOS logic circuit 338 provided in the form of a stacked PMOS
transistor circuit. The PMOS logic circuit 338 includes the PMOS transistor M4 and the
PMOS transistor M5 coupled together in a stacked arrangement in this example. A gate
G of the PMOS transistor M4 is coupled to the pre-conditioned input node 336 that
carries the pre-conditioned input signal IN¢ generated by the pre-conditioning circuit
320. A first, source electrode S of the PMOS transistor M4 is coupled to a second, drain
electrode D of the second PMOS transistor M5 in the pull-up circuit 314U. A gate G of
the PMOS transistor M5 is coupled to the output node 306. A first, source electrode S
of the PMOS transistor M5 is coupled to the positive supply rail 308P. By the gate G of
the PMOS transistor M4 being coupled to the pre-conditioned input node 336, the pre-
conditioned input signal IN¢ being in a charge logic state will turn on the PMOS
transistor M4 in an evaluation phase to pull-up and couple the output node 306B to the
positive supply rail 308P to generate the voltage level shifted output signal OUTB in the
higher voltage domain VDy. The gate G of the PMOS transistor M5 is controlled by the
output signal OUT on the output node 306 to turn off the PMOS transistor M5 and
prevent a crow-bar condition between the positive supply rail 308P and the negative
supply rail 308N because of the contention between the NMOS transistor M3 and the
PMOS transistor M4.

[0036] The HVLS circuit 302 also includes an optional keeper circuit 328, which is
an NMOS logic circuit 330 in this example. The NMOS logic circuit 330 in this
example is an NMOS transistor M1. A gate G of the NMOS transistor M1 is coupled to
the output node 306. A first, source electrode S of the NMOS transistor M1 is coupled
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to the negative supply rail 308N. A second, drain electrode D of the NMOS transistor
M1 is coupled to the output node 306B. The NMOS transistor M1 is configured to
“keep” or maintain the coupling of the output node 306B to the negative supply rail
308N to keep the output node 306B in the discharge logic state if the input signal IN is
in a discharge logic state on the next evaluation phase, so that the pre-charge circuit 312
does not pre-charge the output node OUTB in the next evaluation phase. The discharge
logic state is maintained on the output node 306B until the next evaluation phase in
which the input signal IN, and thus the output node 306B, are in the charge logic state.
[0037] Figure 4 is a flowchart illustrating an exemplary process 400 of the HVLS
circuit 302 in Figure 3 pre-conditioning the input signal IN in response to the pre-charge
phase to avoid contention between the pull-down circuit 314D and the pre-charge circuit
312. In this regard, as illustrated in Figure 4, the process 400 includes the pre-
conditioning circuit 320 receiving the input signal IN in the first, lower voltage domain
VD, (block 402). The process 400 also includes the pre-conditioning circuit 320
generating the pre-conditioned input signal IN¢ on the node 304 in the first, lower
voltage domain VDy at a voltage level indicating a charge logic state, in response to the
pre-condition control signal CTRLp having a voltage level of a charge logic state
indicating a pre-charge phase (block 404). The process 400 also includes coupling the
first, positive supply rail 308P to the output node OUTB in response to the pre-charge
control signal CTRLy indicating the pre-charge phase (block 406). The process 400
also includes coupling the first, positive supply rail 308P to the output node OUTB in
response to the pre-conditioned input signal IN¢ having a voltage level of a charge logic
state, and in response to the pre-condition control signal CTRL;, having a voltage level
of a discharge logic state indicating an evaluation phase (block 408). The process 400
also includes decoupling the second, negative supply rail 308N from the output node
306B in response to the pre-condition control signal CTRLy, indicating the pre-charge
phase (block 410). The process 400 also includes coupling the second, negative supply
rail 308N to the output node OUTB in response to the pre-conditioned input signal IN¢
having a voltage level of a discharge logic state, and in response to the pre-condition
control signal CTRL; indicating the evaluation phase (block 412).

[0038] Other variations of the HVLS circuit 302 in Figure 3 can be provided that are

also configured to pre-condition an input signal IN in a lower voltage domain VD¢ in
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response to the pre-charge phase to avoid contention between a pull-down circuit and a
pre-charge circuit in a higher voltage domain VDy. In this regard, Figure 5 is a
schematic diagram of another exemplary VLS circuit 500 also provided in the form of a
HVLS circuit 502. The HVLS circuit 502 can be provided in an IC 516 that may, for
example, be provided in a SoC 518 with an integrated processor and memory systems.
The HVLS circuit 502 in Figure 5 includes some common components with the HVLS
circuit 302 in Figure 3, which are shown with common element numbers between
Figures 3 and 5. Thus, these common components will not be re-described.

[0039] The HVLS circuit 502 in Figure 5 includes an optional keeper circuit 528
that is similar to the keeper circuit 328 in the HVLS circuit 302 in Figure 3. The keeper
circuit 528 is an NMOS logic circuit 530. In addition to the NMOS transistor M1 being
coupled to the output node OUTB, the NMOS logic circuit 530 includes an additional
second NMOS transistor M6. The source electrode S of the NMOS transistor M1 is
coupled to a first, drain electrode D of the NMOS transistor M6. A second, source
electrode S of the NMOS transistor M6 is coupled to the negative supply rail 308N.
The gate G of the NMOS transistor M6 is coupled to the pre-charge control signal
CTRLy. Thus, the NMOS transistor M6 is turned on when the pre-charge control signal
CTRLy is in the discharge logic state in this example indicating the evaluation phase, to
“keep” or maintain a coupling of the output node 306B to the negative supply rail 308N
to keep the output node 306B in the discharge logic state. The output node 306B is
maintained coupled to the negative supply rail 308N through the input signal IN
subsequently being in a charge state until the pre-charge control signal CTRLy indicates
the pre-charge phase causing the pre-charge circuit 312 to pre-charge the output node
306B.

[0040] Figure 6 is a schematic diagram of another exemplary VLS circuit 600 also
provided in the form of a HVLS circuit 602. The HVLS circuit 602 can be provided in
an IC 616 that may for example, be provided in a SoC 618 with an integrated processor
and memory systems. The HVLS circuit 602 in Figure 6 includes some common
components with the HVLS circuit 302 in Figure 3, which are shown with common
element numbers between Figures 3 and 6. Thus, these common components will not

be re-described.

18



WO 2018/057232 PCT/US2017/048564

[0041] The HVLS circuit 602 in Figure 6 includes an optional clamp circuit 640 that
is similar to the keeper circuit 328 in the HVLS circuit 302 in Figure 3. The clamp
circuit 640 is provided as an NMOS logic circuit 642 in this example. The NMOS logic
circuit 642 includes an NMOS transistor M7. The clamp circuit 640, and more
particularly the gate G of the NMOS transistor M7, is coupled to a clamp control signal
CLAMP. The clamp circuit 640, and more particularly the source electrode S of the
NMOS transistor M7, is coupled to the negative supply rail 308N. The clamp circuit
640, and more particularly the drain electrode D of the NMOS transistor M7, is coupled
to the input node 336. The clamp circuit 640 is configured to pull down the input node
336 to the negative supply rail 308N, or alternatively the node 304, in response to the
clamp control signal CLAMP indicating a clamp state, which is a high voltage level or
‘1’ logic state in this example. In this manner, the pull-down circuit 314D will not be
turned on or switch as long as the clamp control signal CLAMP is asserted having the
clamp state. For example, the clamp control signal CLAMP may be asserted by the
clamp state when it is desired to collapse the node 304, such as when it is desired to put
the HVLS circuit 302 in an idle or collapsed power mode to conserve power. The
clamp control signal CLAMP being asserted by the clamp state prevents the output node
306B from being driven to different states. When it is desired to no longer clamp the
HVLS circuit 602, the clamp control signal CLAMP can be driven to a non-clamping
state, which is a low voltage level or ‘0’ logic level in this example.

[0042] Figure 7 is a schematic diagram of another exemplary VLS circuit 700 also
provided in the form of a HVLS circuit 702. The HVLS circuit 702 can be provided in
an IC 716 that may for example, be provided in a SoC 618 with an integrated processor
and memory systems. The HVLS circuit 702 includes both the clamp circuit 640 in the
HVLS circuit 602 in Figure 6 and the keeper circuit 528 in the HVLS circuit 502 in
Figure 5. The common components between the HVLS circuit 702 in Figure 7 and the
HVLS circuits 502, 602 in Figures 5 and 6 are shown with common element numbers
between Figures 5, 6, and 7, which have been described above. Thus, these common
components and their functionality do not need to be re-described.

[0043] In another aspect, a VLS circuit can be provided that employs a pre-
conditioning circuit for pre-conditioning an input signal to be voltage level shifted in

response to a pre-charge phase to prevent or mitigate contention between a pre-charge
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circuit and a pull-down circuit. These VLS circuit can include, for example, any of the
HVLS circuits 302, 502, 602, 702 in Figures 3 and 5-7, or any portion of any
components provided therein. Note that these components can be provided in either
NMOS or PMOS logic. These VLS circuits can include a means for receiving an input
signal in a first voltage domain. These VLS circuits can also include a means for
generating a pre-conditioned input signal in the first voltage domain at a voltage level
on an input node indicating a charge logic state, in response to a pre-condition control
signal having a voltage level of the charge logic state indicating a pre-charge phase.
These VLS circuits can also include a means for coupling a first supply rail of a supply
voltage relative to a second supply rail in a second voltage domain higher than the first
voltage domain to an output node in response to a pre-charge control signal indicating
the pre-charge phase. These VLS circuits can also include a pull-up means for coupling
the first supply rail to the output node in response to the pre-conditioned input signal
having a voltage level of the charge logic state, and in response to the pre-condition
control signal having a voltage level of a discharge logic state indicating an evaluation
phase. These VLS circuits can also include a pull-down means that includes a means
for decoupling the second supply rail from the output node in response to the pre-
condition control signal indicating the pre-charge phase, and a means for coupling the
second supply rail to the output node in response to the pre-conditioned input signal
having a voltage level of the discharge logic state, and in response to the pre-condition
control signal indicating the evaluation phase. The pull-up means in these VLS circuits
can also include a means for decoupling the first supply rail from the output node in
response to the pre-conditioned input signal having a voltage level of the discharge logic
state, and in response to the pre-condition control signal indicating the evaluation phase.
The pull-down means in these VLS circuits can also include a means for decoupling the
second supply rail from the output node in response to the pre-conditioned input signal
having a voltage level of the charge logic state, and in response to the pre-condition
control signal indicating the evaluation phase.

[0044] Further, the VLS circuits described above can be included in any circuit or
system that has multiple voltage domains and needs to shift signals in a lower voltage
domain to a higher voltage domain, or vice versa. In this regard, Figure 8 is a schematic

diagram of an exemplary multiple voltage domain memory system 800 (“memory
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system 8007) that includes a lower voltage domain VD and a higher voltage domain
VD The memory system 800 includes a memory array 802 provided in the higher
voltage domain VDy for data retention. The memory array 802 includes a plurality of
memory bit cells 804(0)(0)-804(M)(N) organized in rows and columns, where ‘M’
indicates the memory row and ‘N’ indicates the memory column. Each of the memory
bit cells 804(0)(0)-804(M)(N) is configured to store data. To access the memory bit
cells 804(0)(0)-804(M)(N) during a memory access operation (i.e., a read or write
operation), a word line decoder 806 is provided. The word line decoder 806 includes an
address input interface 808 configured to receive a memory address associated with a
memory row in the memory array 802 to be addressed. The address input interface 808
is in the lower voltage domain VDy in this example.

[0045] The word line decoder 806 also includes a word line decoder circuit 810 in
the lower voltage domain VD configured to receive the memory address and decode
the memory address into a decoded word comprising a plurality of word line bit signals
812(0)-812(M). Because the word line bit signals 812(0)-812(M) are in the lower
voltage domain VD; and the memory array 802 is in the higher voltage domain VDy, a
plurality of VLS circuits 814(0)-814(M) are each coupled to a word line 812(0)-812(M)
among the plurality of word lines bits 812(0)-812(M). Note that the VLS circuits
814(0)-814(M) are shown outside of the word line decoder 806, but the VLS circuits
814(0)-814(M) can be provided within the word line decoder 806. Further note that the
pre-conditioning circuits 320 described above that are shown as part of the VLS circuits
300, 500, 600, and 700 can be provided separately from the VLS circuits 814(0)-814(M)
and also as part of the word line decoder 806. The VLS circuits 814(0)-814(M) can
include HVLS circuits that are configured to condition the word lines bits 812(0)-
812(M) in the lower voltage domain VDt to avoid contention between a pull-down
circuit and a pre-charge circuit. For example, the VLS circuits 814(0)-814(M) can
include any of the HVLS circuits 302, 502, 602, 702 in Figures 3 and 5-7 described
above as examples, which have already been described and thus do not need to be re-
described here. The VLS circuits 814(0)-814(M) are configured to generate output
word lines 816(0)-816(M) which are voltage level shifted signals of the respective word
line bit signals 812(0)-812(M). Note that only one word line bit signal 812(0)-812(M)

may be active at one time as the “hot” word line to select the row of memory bit cells
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804(0)()-804(M)() according to the decoded memory address. The active output word
line 816(0)-816(M) is asserted in the memory array 802 to activate the memory bit cells
804(0)()-804(M)() in the selected row.

[0046] In a read operation, sense amplifiers 818 sense the data of the activated row
of memory bit cells 804(0)()-804(M)() to provide read data 820 to a column decoder
822. The column decoder 822 includes a column decoder circuit 824 that is controlled
by a column address 825. If the column decoder circuit 824 is in the lower voltage
domain VD, VLS circuits 826(0)-826(N) can be provided to voltage level shift the read
data 820 from the higher voltage domain VDy to the lower voltage domain VDy, to
provide the read data 820 in the lower voltage domain VD, to another circuit..

[0047] VLS circuits employing a pre-conditioning circuit for pre-conditioning an
input signal to be voltage level shifted in response to a pre-charge phase to prevent or
mitigate contention between a pre-charge circuit and a pull-down circuit, including but
not limited to the HVLS circuits 302, 502, 602, 702 in Figures 3 and 5-7, respectively,
may be provided in or integrated into any processor-based device. Examples, without
limitation, include a set top box, an entertainment unit, a navigation device, a
communications device, a fixed location data unit, a mobile location data unit, a global
positioning system (GPS) device, a mobile phone, a cellular phone, a smart phone, a
session initiation protocol (SIP) phone, a tablet, a phablet, a server, a computer, a
portable computer, a mobile computing device, a wearable computing device (e.g., a
smart watch, a health or fitness tracker, eyewear, etc.), a desktop computer, a personal
digital assistant (PDA), a monitor, a computer monitor, a television, a tuner, a radio, a
satellite radio, a music player, a digital music player, a portable music player, a digital
video player, a video player, a digital video disc (DVD) player, a portable digital video
player, an automobile, a vehicle component, avionics systems, a drone, and a
multicopter.

[0048] In this regard, Figure 9 illustrates an example of a processor-based system
900 that can include circuits that include VLS circuits 902 employing a pre-conditioning
circuit for pre-conditioning an input signal to be voltage level shifted in response to a
pre-charge phase to prevent or mitigate contention between a pre-charge circuit and a
pull-down circuit, including but not limited to the HVLS circuits 302, 502, 602, 702 in

Figures 3 and 5-7. For example, the processor-based system 900 includes one or more
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memory systems 904 provided in a higher voltage domain and/or split between multiple
voltage domains, wherein the memory systems 904 can employ VLS circuits 902
employing a pre-conditioning circuit for pre-conditioning an input signal to be voltage
level shifted in response to a pre-charge phase to prevent or mitigate contention between
a pre-charge circuit and a pull-down circuit. These VLS circuits 902 can include but are
not limited to the HVLS circuits 302, 502, 602, 702 in Figures 3 and 5-7, as non-
limiting examples.

[0049] In this example, the processor-based system 900 is provided in an IC 906.
The IC 906 may be included in or provided as a SoC 908. The processor-based system
900 includes a CPU or processor 910 that includes one or more processor cores 912(0)-
912(N). The CPU 910 may have a cache memory 914 coupled to the processor cores
912(0)-912(N) for rapid access to temporarily stored data. The cache memory 914 may
include the VLS circuits 902 employing a pre-conditioning circuit for pre-conditioning
an input signal to be voltage level shifted in response to a pre-charge phase to prevent or
mitigate contention between a pre-charge circuit and a pull-down circuit. The CPU 910
is coupled to a system bus 916 and can intercouple master and slave devices included in
the processor-based system 900. As is well known, the CPU 910 communicates with
these other devices by exchanging address, control, and data information over the
system bus 916. Although not illustrated in Figure 9, multiple system buses 916 could
be provided, wherein each system bus 916 constitutes a different fabric. For example,
the CPU 910 can communicate bus transaction requests to the memory systems 904 as
an example of a slave device.

[0050] Other master and slave devices can be connected to the system bus 916. As
illustrated in Figure 9, these devices can include the memory systems 904, and one or
more input devices 918. The input device(s) 918 can include any type of input device,
including but not limited to input keys, switches, voice processors, etc. The other
devices can also include one or more output devices 920, and one or more network
interface devices 922. The output device(s) 920 can include any type of output device,
including but not limited to audio, video, other visual indicators, etc. The network
interface device(s) 922 can be any devices configured to allow exchange of data to and
from a network 924. The network 924 can be any type of network, including but not

limited to a wired or wireless network, a private or public network, a local area network
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(LAN), a wireless local area network (WLAN), a wide area network (WAN), a
BLUETOOTH™ network, and the Internet. The network interface device(s) 922 can be
configured to support any type of communications protocol desired.

[0051] The other devices can also include one or more display controllers 926 as
examples. The CPU 910 may also be configured to access the display controller(s) 926
over the system bus 916 to control information sent to one or more displays 928. The
display controller(s) 926 sends information to the display(s) 928 to be displayed via one
or more video processors 930, which process the information to be displayed into a
format suitable for the display(s) 928. The display(s) 928 can include any type of
display, including but not limited to a cathode ray tube (CRT), a liquid crystal display
(LCD), a plasma display, etc.

[0052] Those of skill in the art will further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithms described in connection with the
aspects disclosed herein may be implemented as electronic hardware, instructions stored
in memory or in another computer-readable medium and executed by a processor or
other processing device, or combinations of both. The master devices and slave devices
described herein may be employed in any circuit, hardware component, integrated
circuit (IC), or IC chip, as examples. Memory disclosed herein may be any type and
size of memory and may be configured to store any type of information desired. To
clearly illustrate this interchangeability, various illustrative components, blocks,
modules, circuits, and steps have been described above generally in terms of their
functionality. How such functionality is implemented depends upon the particular
application, design choices, and/or design constraints imposed on the overall system.
Skilled artisans may implement the described functionality in varying ways for each
particular application, but such implementation decisions should not be interpreted as
causing a departure from the scope of the present disclosure.

[0053] The various illustrative logical blocks, modules, and circuits described in
connection with the aspects disclosed herein may be implemented or performed with a
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

thereof designed to perform the functions described herein. A processor may be a

24



WO 2018/057232 PCT/US2017/048564

microprocessor, but in the alternative, the processor may be any processor, controller,
microcontroller, or state machine. A processor may also be implemented as a
combination of computing devices, e.g., a combination of a DSP and a microprocessor,
a plurality of microprocessors, one or more microprocessors in conjunction with a DSP
core, or any other such configuration.

[0054] The aspects disclosed herein may be embodied in hardware and in
instructions that are stored in hardware, and may reside, for example, in Random Access
Memory (RAM), flash memory, Read Only Memory (ROM), FElectrically
Programmable ROM (EPROM), Electrically Erasable Programmable ROM
(EEPROM), registers, a hard disk, a removable disk, a CD-ROM, or any other form of
computer readable medium known in the art. An exemplary storage medium is coupled
to the processor such that the processor can read information from, and write
information to, the storage medium. In the alternative, the storage medium may be
integral to the processor. The processor and the storage medium may reside in an ASIC.
The ASIC may reside in a remote station. In the alternative, the processor and the
storage medium may reside as discrete components in a remote station, base station, or
server.

[0055] It is also noted that the operational steps described in any of the exemplary
aspects herein are described to provide examples and discussion. The operations
described may be performed in numerous different sequences other than the illustrated
sequences. Furthermore, operations described in a single operational step may actually
be performed in a number of different steps. Additionally, one or more operational
steps discussed in the exemplary aspects may be combined. It is to be understood that
the operational steps illustrated in the flow chart diagrams may be subject to numerous
different modifications as will be readily apparent to one of skill in the art. Those of
skill in the art will also understand that information and signals may be represented
using any of a variety of different technologies and techniques. For example, data,
instructions, commands, information, signals, bits, symbols, and chips that may be
referenced throughout the above description may be represented by voltages, currents,
electromagnetic waves, magnetic fields or particles, optical fields or particles, or any

combination thereof.
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[0056] The previous description of the disclosure is provided to enable any person
skilled in 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. Thus, the disclosure is not intended to be limited to the examples and
designs described herein, but is to be accorded the widest scope consistent with the

principles and novel features disclosed herein.
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What is claimed is:

1. A voltage level shifter (VLS) circuit, comprising:

a pre-conditioning circuit configured to:
receive an input signal in a first voltage domain; and
generate a pre-conditioned input signal on an input node in the first

voltage domain at a voltage level on an input node indicating a
charge logic state, in response to a pre-condition control signal
having a voltage level of the charge logic state indicating a pre-
charge phase;

a pre-charge circuit coupled to an output node and a first supply rail of a supply
voltage relative to a second supply rail in a second voltage domain higher
than the first voltage domain, the pre-charge circuit configured to couple
the first supply rail to the output node in response to a pre-charge control
signal indicating the pre-charge phase;

a pull-up circuit coupled to the first supply rail and the output node, the pull-up
circuit configured to couple the first supply rail to the output node in
response to the pre-conditioned input signal having a voltage level of the
charge logic state, and in response to the pre-condition control signal
having a voltage level of a discharge logic state indicating an evaluation
phase; and

a pull-down circuit coupled to the input node and the second supply rail, the
pull-down circuit configured to:
decouple the second supply rail from the output node in response to the

pre-condition control signal indicating the pre-charge phase; and
couple the second supply rail to the output node in response to the pre-

conditioned input signal having a voltage level of the discharge

logic state, and in response to the pre-condition control signal

indicating the evaluation phase.
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2. The VLS circuit of claim 1, wherein:

the pull-up circuit is further configured to decouple the first supply rail from the
output node in response to the pre-conditioned input signal having a
voltage level of the discharge logic state, and in response to the pre-
condition control signal indicating the evaluation phase; and

the pull-down circuit is further configured to decouple the second supply rail
from the output node in response to the pre-conditioned input signal
having a voltage level of the charge logic state, and in response to the

pre-condition control signal indicating the evaluation phase.

3. The VLS circuit of claim 1, wherein the pull-down circuit comprises only one
transistor, the transistor comprising a gate, a first electrode, and a second electrode, the
gate coupled to the input node, the first electrode coupled to the second supply rail, and

the second electrode coupled to the output node.

4. The VLS circuit of claim 1, wherein the pull-down circuit comprises an N-type

(N) metal oxide semiconductor (MOS) (NMOS) circuit.

5. The VLS circuit of claim 4, wherein the NMOS circuit comprises an NMOS
transistor comprising a gate, a first electrode, and a second electrode, the gate coupled to
the input node, the first electrode coupled to the second supply rail, and the second

electrode coupled to the output node.

6. The VLS circuit of claim 1, wherein the pull-up circuit comprises a P-type (P)
MOS (PMOS) circuit.

7. The VLS circuit of claim 6, wherein the PMOS circuit comprises a PMOS
transistor comprising a gate, a first electrode, and a second electrode, the gate coupled to
the input node, the first electrode coupled to the output node, and the second electrode

coupled to the first supply rail.

28



WO 2018/057232 PCT/US2017/048564

8. The VLS circuit of claim 6, further comprising:
an inverter circuit coupled to the output node, the inverter circuit configured to
invert a logic state of an output signal to generate an inverted output
signal on an inverted output node;
wherein the PMOS circuit comprises a stacked PMOS transistor circuit,
comprising:

a first PMOS transistor comprising a gate, a first electrode, and a second
electrode, the gate coupled to the input node, and the first
electrode coupled to the output node; and

a second PMOS transistor comprising a second gate, a first electrode,
and a second electrode, the second gate coupled to the inverted
output node, the first electrode coupled to the second electrode of
the first PMOS transistor, and the second electrode coupled to the

first supply rail.

9. The VLS circuit of claim 1, further comprising a keeper circuit coupled to the
output node and the second supply rail;

the keeper circuit configured to maintain a coupling of the output node to the

second supply rail, in response to the pre-conditioned input signal

remaining at the voltage level of the discharge logic state from the

evaluation phase to the pre-charge control signal until the pre-charge

circuit couples the first supply rail to the output node in response to the

pre-charge control signal indicating a next pre-charge phase.

10. The VLS circuit of claim 9, wherein the keeper circuit comprises an NMOS

logic circuit.

11. The VLS circuit of claim 10, wherein the NMOS logic circuit comprises an
NMOS transistor comprising a gate, a first electrode, and a second electrode, the gate
coupled to the output node, the first electrode coupled to the second supply rail, and the

second electrode coupled to the output node.
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12. The VLS circuit of claim 10, wherein the NMOS logic circuit comprises:

a first NMOS transistor comprising a first gate, a first electrode, and a second
electrode, the first gate coupled to an inverted output node, and the
second electrode coupled to the output node; and

a second NMOS transistor comprising a second gate, a first electrode, and a
second electrode, the second gate coupled to the pre-charge control
signal, the first electrode coupled to the second supply rail, and the

second electrode coupled to the first electrode.

13. The VLS circuit of claim 1, further comprising a clamp circuit coupled to the
input node and the second supply rail, the clamp circuit configured to pull-down the
input node to the second supply rail in response to a clamp control signal indicating a

clamp state.

14. The VLS circuit of claim 13, wherein the clamp circuit comprises an NMOS
transistor comprising a gate, a first electrode, and a second electrode, the gate coupled to
the clamp control signal, the first electrode coupled to the second supply rail, and the

second electrode coupled to the input node.

15. The VLS circuit of claim 1 comprising a half-voltage level shifter (HVLS)

circuit.

16. The VLS circuit of claim 1, wherein the first supply rail comprises a positive

supply rail and the second supply rail comprises a negative supply rail.

17. The VLS circuit of claim 1 integrated into an integrated circuit (IC).

18. The VLS circuit of claim 1 integrated into a system-on-a-chip (SoC).

19. The VLS circuit of claim 1 integrated into a device selected from the group

consisting of: a set top box; an entertainment unit; a navigation device; a

communications device; a fixed location data unit; a mobile location data unit; a global
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positioning system (GPS) device; a mobile phone; a cellular phone; a smart phone; a

session initiation protocol (SIP) phone; a tablet; a phablet; a server; a computer; a

portable computer; a mobile computing device; a wearable computing device (e.g., a

smart watch, a health or fitness tracker, eyewear, etc.); a desktop computer; a personal

digital assistant (PDA); a monitor; a computer monitor; a television; a tuner; a radio; a

satellite radio; a music player; a digital music player; a portable music player; a digital

video player; a video player; a digital video disc (DVD) player; a portable digital video

player; an automobile; a vehicle component; avionics systems; a drone; and a

multicopter.

20.

A voltage level shifter (VLS) circuit, comprising:

a means for receiving an input signal in a first voltage domain;

a means for generating a pre-conditioned input signal in the first voltage domain
at a voltage level on an input node indicating a charge logic state, in
response to a pre-condition control signal having a voltage level of the
charge logic state indicating a pre-charge phase;

a means for coupling a first supply rail of a supply voltage relative to a second
supply rail in a second voltage domain higher than the first voltage
domain to an output node in response to a pre-charge control signal
indicating the pre-charge phase;

a pull-up means for coupling the first supply rail to the output node in response
to the pre-conditioned input signal having a voltage level of the charge
logic state, and in response to the pre-condition control signal having a
voltage level of a discharge logic state indicating an evaluation phase;
and

a pull-down means comprising:

a means for decoupling the second supply rail from the output node in
response to the pre-condition control signal indicating the pre-
charge phase; and

a means for coupling the second supply rail to the output node in

response to the pre-conditioned input signal having a voltage
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level of the discharge logic state, and in response to the pre-

condition control signal indicating the evaluation phase.

21. The VLS circuit of claim 20, wherein:

the pull-up means further comprises a means for decoupling the first supply rail
from the output node in response to the pre-conditioned input signal
having a voltage level of the discharge logic state, and in response to the
pre-condition control signal indicating the evaluation phase; and

the pull-down means further comprises a means for decoupling the second
supply rail from the output node in response to the pre-conditioned input
signal having a voltage level of the charge logic state, and in response to

the pre-condition control signal indicating the evaluation phase.

22. A method of voltage level shifting an input signal from a lower voltage domain
to a higher voltage domain, comprising:
receiving an input signal in a first voltage domain;
generating a pre-conditioned input signal on an input node in the first voltage
domain at a voltage level indicating a charge logic state, in response to a
pre-condition control signal having a voltage level of the charge logic
state indicating a pre-charge phase;
coupling a first supply rail to an output node in response to a pre-charge control
signal indicating the pre-charge phase;
coupling the first supply rail to the output node in response to the pre-
conditioned input signal having a voltage level of the charge logic state,
and in response to the pre-condition control signal having a voltage level
of a discharge logic state indicating an evaluation phase;
decoupling a second supply rail from the output node in response to the pre-
condition control signal indicating the pre-charge phase; and
coupling the second supply rail to the output node in response to the pre-
conditioned input signal having a voltage level of the discharge logic
state, and in response to the pre-condition control signal indicating the

evaluation phase.

32



WO 2018/057232 PCT/US2017/048564

23. The method of claim 22, further comprising:

decoupling the first supply rail from the output node in response to the pre-
conditioned input signal having a voltage level of the discharge logic
state in response to the pre-condition control signal indicating the
evaluation phase; and

decoupling the second supply rail from the output node in response to the pre-
conditioned input signal having a voltage level of the charge logic state
in response to the pre-condition control signal indicating the evaluation

phase.

24. The method of claim 22, further comprising inverting a logic state of an output
signal to generate an inverted output signal on an inverted output node;
wherein a P-type (P) metal oxide semiconductor (MOS) (PMOS) circuit
comprises a stacked PMOS transistor circuit, comprising:

a first PMOS transistor comprising a gate, a first electrode, and a second
electrode, the gate coupled to the input node, and the first
electrode coupled to the output node; and

a second PMOS transistor comprising a second gate, a first electrode,
and a second electrode, the second gate coupled to the inverted
output node, the first electrode coupled to the second electrode of
the first PMOS transistor, and the second electrode coupled to the

first supply rail.

25. The method of claim 23, further comprising maintaining a coupling of the output
node to the second supply rail in response to the pre-conditioned input signal remaining
at the voltage level of the discharge logic state from the evaluation phase to the pre-
charge control signal until the pre-charge circuit couples the first supply rail to the
output node in response to the pre-charge control signal indicating a next pre-charge

phase.

26. The method of claim 23, further comprising pulling down the input node to the

second supply rail in response to a clamp control signal indicating a clamp state.
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27. A multiple voltage domain memory system, comprising:
a memory array in a first voltage domain comprising a plurality of memory rows
of a plurality of memory bit cells each configured to store data;
a plurality of output word lines in the first voltage domain, each coupled to a
row of memory bit cells among the plurality of memory bit cells; and
a word line decoder comprising:
an address input interface configured to receive a memory address
associated with a memory row in the plurality of memory rows to
be addressed, the address input interface in a second voltage
domain lower than the first voltage domain;
a word line decoder circuit in the second voltage domain configured to
receive the memory address and decode the memory address into
a decoded word comprising a plurality of word line bit signals;
and
a pre-conditioning circuit configured to:
receive a word line bit signal among the plurality of word line bit
signals in the second voltage domain; and
generate a pre-conditioned signal on an input node in the second
voltage domain at a voltage level indicating a charge logic
state, in response to a pre-condition control signal having
a voltage level of the charge logic state indicating a pre-
charge phase; and
a plurality of voltage level shifter (VLS) circuits each comprising:
a pre-charge circuit coupled to an output word line among a
plurality of output word lines and a first supply rail of a
supply voltage relative to a second supply rail in the
second voltage domain, the pre-charge circuit configured
to couple the first supply rail to the output word line in
response to a pre-charge control signal indicating the pre-
charge phase;
a pull-up circuit coupled to the first supply rail and the output

word line, the pull-up circuit configured to couple the first
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supply rail to the output word line in response to the pre-

conditioned signal having a voltage level of the charge

logic state, and in response to the pre-condition control

signal having a voltage level of a discharge logic state

indicating an evaluation phase; and

a pull-down circuit coupled to the input node and the second

supply rail, the pull-down circuit configured to:

decouple the second supply rail from the output word line
in response to the pre-condition control signal
indicating the pre-charge phase; and

couple the second supply rail to the output word line in
response to the pre-conditioned signal having a
voltage level of the discharge logic state in
response to the pre-condition control signal

indicating the evaluation phase.

28. The multiple voltage domain memory system of claim 27, wherein:
the pull-up circuit is further configured to decouple the first supply rail from the
output word line in response to the pre-conditioned signal having a
voltage level of the discharge logic state, and in response to the pre-
condition control signal indicating the evaluation phase; and
the pull-down circuit is further configured to decouple the second supply rail
from the output word line in response to the pre-conditioned signal
having a voltage level of the charge logic state, and in response to the

pre-condition control signal indicating the evaluation phase.
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INTERNATIONAL SEARCH REPORT

International application No

PCT/US2017/048564

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO3K19/0185
ADD.

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

B. FIELDS SEARCHED

HO3K G11C

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal, WPI Data

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

abstract; figures 1,3,4,5,8
paragraphs [0007],
[0047]

22 November 2012 (2012-11-22)
abstract; figures 1,2,4,5
paragraphs [0007], [0009],

X US 2013/335152 Al (BURNETTE JAMES E [US]
ET AL) 19 December 2013 (2013-12-19)
[0023] - [0027],
X US 2012/294095 Al (SHIU SHINYE [US])

[0027]

1-11,
15-25

1-8,15,
16,18-25

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

27 November 2017

Date of mailing of the international search report

15/02/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer
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International application No.
INTERNATIONAL SEARCH REPORT PCT/US2017/048564
Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-26
Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-26

directed to a voltage level shifter (VLS)

2. claims: 27, 28

directed to multiple voltage domain memory system
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