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HIGH SPEED AND HIGH VOLTAGE DRIVER

CROSS-REFERENCE OF RELATED
APPLICATION—CLAIM OF PRIORITY

This application 1s a continuation of, and claims the

benefit of priority under 35 USC § 120 of, commonly
assigned and co-pending prior U.S. application Ser. No.
15/066,64°7, “High Speed and High Voltage Driver”, filed
Mar. 10, 2016, the contents of which are hereby incorporated
by reference herein as 1f set forth 1n full.

BACKGROUND

1. Field

Various embodiments described herein relate generally to
systems, methods, and devices for use 1n biasing stacks of
low-voltage transistors to function as high speed and high
voltage drivers or inverters.

2. Description of Related Art

High speed and high voltage drivers can be used as
inverters 1n applications where conversion from a high
voltage to a lower voltage 1s performed. In such applications
properly biased stacked transistors of an inverter can be used
to allow operation of the inverter over higher voltages than
a voltage handling capability of any individual transistor of
the stack. Proper biasing of the transistors of the stack to
allow high (switching) speed operation of the inverter while
operating each 1individual transistor of the stack at a desired
operating voltage within 1ts voltage handling capability can
be a challenging task, which 1s addressed 1n the various
embodiments of the present disclosure.

SUMMARY

According to a first aspect of the present disclosure a high
speed high voltage (HSHV) driver 1s presented, comprising:
a first stack of transistors of a first type coupled between a
high voltage and an output node of the HSHV dniver; a
second stack of transistors of a second type opposite the first
type coupled between the output node and a reference
voltage; a first biasing circuit configured to provide biasing
voltages to the first stack, the first biasing circuit comprising
a first biasing stack of transistors of the second type; and a
second biasing circuit configured to provide biasing voltages
to the second stack, the second biasing circuit comprising a
second biasing stack of transistors of the first type, wherein:
the HSHYV driver operates as an inverter with an input signal
having a low voltage and an output signal at the output node
having the high voltage, and transistors of the first stack, the
second stack, the first biasing stack and the second biasing
stack having desired operating voltages substantially smaller
than the high voltage.

According to a second aspect of the present disclosure a
high speed high voltage (HSHV) open drain driver 1is
presented, comprising: a stack of transistors of a first type
coupled between a reference voltage and an output node of
the HSHYV dniver; a biasing circuit configured to provide
biasing voltages to the stack, the biasing circuit comprising
a biasing stack of transistors of a second type; wherein: the
output node 1s a drain node of an output transistor of the
stack of transistors adapted to be coupled to a high voltage
by way of a pull-up element, the HSHV driver operates as
an open drain inverter with an iput signal having a low
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2

voltage and an output signal at the output node having the
high voltage, and transistors of the stack and the biasing
stack having desired operating voltages substantially smaller
than the high voltage.

According to a third aspect of the present disclosure, high
speed high voltage (HSHV) open drain driver 1s presented,
comprising: a stack of transistors of a second type coupled
between a high voltage and an output node of the HSHV
driver; a biasing circuit configured to provide biasing volt-
ages to the stack, the biasing circuit comprising a biasing
stack of transistors of a first type; wherein: the output node
1s a drain node of an output transistor of the stack of
transistors, adapted to be coupled to a reference voltage by
way of a pull-down element, the HSHYV driver operates as an
open drain inverter with an input signal having a low voltage
and an output signal at the output node having the high
voltage, and transistors of the stack and the biasing stack
having desired operating voltages substantially smaller than
the high voltage.

According to a fourth aspect of the present disclosure, a
method for biasing a high speed high voltage HSHV driver
1s presented, the method comprising: providing a first stack
ol transistors of a first type coupled between a high voltage
and an output node of the HSHYV dniver; providing a second
stack of transistors of a second type opposite the first type
coupled between the output node and a reference voltage;
providing biasing voltages to the first stack by way of a first
biasing circuit coupled to the first stack, the first biasing
circuit comprising a first biasing stack of transistors of the
second type; and providing biasing voltages to the second
stack by way of a second biasing circuit coupled to the
second stack, the second biasing circuit comprising a second
biasing stack of transistors of the first type, wherein: the
HSHYV driver operates as an inverter with an input signal
having a low voltage and an output signal at the output node
having the high voltage, and transistors of the first stack, the
second stack, the first biasing stack and the second biasing

stack having desired operating voltages substantially smaller
than the high voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated 1nto
and constitute a part of this specification, illustrate one or
more embodiments of the present disclosure and, together
with the description of example embodiments, serve to
explain the principles and implementations of the disclosure.

FIG. 1 shows a block diagram of a high speed, high
voltage (HSHV) driver according to the present invention
used to convert a high voltage to a lower voltage. Active
clements of the HSHV depicted in FIG. 1 have a voltage
handling capability substantially lower than the high volt-
age.
FIG. 2A shows two PMOS transistors arranged 1n a stack
configuration and two NMOS transistors arranged 1n a stack
configuration, where the two stacks are connected 1n series
to provide functionality of a HSHV driver operating at 5
volts and each of the PMOS/NMOS transistors have a
voltage handling capability of about 2.5 volts. Bias voltages
for safe operation of the transistors are also provided in the
figure.

FIG. 2B shows four PMOS transistors arranged in a stack
configuration and four NMOS transistors arranged 1n a stack
configuration, where the two stacks are connected 1n series
to provide functionality of a HSHYV driver operating at 10

volts and each of the PMOS/NMOS transistors have a
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voltage handling capability of about 2.5 volts. Bias voltages
for safe operation of the transistors are also provided in the
figure.

FIGS. 3A-3C show block diagrams of exemplary HSHV
drivers according to the present disclosure, comprising a
level shifter, a high side transistor stack and corresponding
biasing circuit, and a low side transistor stack and corre-
sponding biasing circuit.

FIGS. 4A-4D show transistor stacks for use in the exem-

plary HSHYV dnivers of FIGS. 3A-3C.

FIGS. 5A-5B show interconnection between a biasing
transistor stack and a main transistor stack of the exemplary
HSHYV drivers of FIGS. 3A-3C.

FIG. 5C represents a circuit diagram of an exemplary first
embodiment HSHYV driver according to the present disclo-
sure.

FIG. 5D 1s an enlarged view of a section of the circuit

diagram of FIG. 5C.

FIG. 6A represents a circuit diagram of an exemplary
second embodiment HSHV driver according to the present
disclosure.

FIG. 6B 1s an enlarged view of a section of the circuit
diagram of FIG. 6A.

FIG. 7A represents a circuit diagram of an exemplary
third embodiment HSHV driver according to the present
disclosure.

FIG. 7B 1s an enlarged view of a section of the circuit
diagram of FIG. 7A.

FIG. 7C 1s an alternative embodiment according to the
present disclosure to the circuit of FIG. 7B.

FIG. 8A represents a circuit diagram of an exemplary
fourth embodiment HSHV driver according to the present
disclosure.

FIG. 8B 1s an enlarged view of a section of the circuit
diagram of FIG. 8A.

FIG. 9A represents a circuit diagram of a level shifter
according to an embodiment of the present disclosure for use
in the HSHYV drivers according to the present disclosure.

FIG. 9B represents a block diagram of an exemplary
HSHYV dniver according to the present disclosure including
the level shifter of FIG. 9A.

FIG. 10 represents a block diagram of an exemplary
HSHYV driver 1n open-drain configuration with a pull-up
element according to an embodiment of the present disclo-
sure.

FIG. 11 represents a block diagram of an exemplary
HSHYV driver in open-drain configuration with a pull-down
element according to an embodiment of the present disclo-
sure.

DETAILED DESCRIPTION

This invention provides methods and devices for properly
biasing stacks of transistors arranged, essentially, to be able
to function as an inverter operating from a supply voltage
higher than a voltage handling capability of any of the
individual transistors in the stacks. In the present disclosure,
such mnverter, which may be used 1n high voltage conversion
applications, such as DC/DC converters, 1s referred to as a
high-speed high-voltage (HSHV) inverter, and can therefore
be used as a dniver. The present applicant has used the
method of stacking transistors in applications where higher
voltages than the voltage handling capability of individual
transistors of the stacks are required, most notably 1n switch
and switch-like products as well as 1n power amplifiers

(PAs).
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However, a distinguishing feature between the current
invention and prior uses ol stacked transistors with bias
circuits 1s that 1n all the prior examples, only one polarity
transistor (e.g. P-type or N-type {transistor), typically
NMOS, was stacked. In the current invention, both polari-
ties, NMOS and PMOS, can be stacked, where each stack of
a different polarity 1s stacked essentially in series with the
other. Therefore, the current invention 1s providing the
ability to operate a stack of NMOS and PMOS transistors 1n
series with each other as a high voltage inverter wherein
either one of the stacked NMOS or the stacked PMOS
transistors are all ON while the other polarity 1s OFF.

Furthermore, the typical stack of transistors 1n a switch or
PA can typically only operate down to a minimum frequency
of operation due to the passive nature of the biasing circuits
having an RC time constant requirement that must be
exceeded 1n order to properly bias the transistors. Inverter-
like circuits, on the other hand, should preferably be able to
operate at any frequency, including DC. Furthermore, such
circuits should be able to source and sink current from/to a
power supply to/from a load.

With these differences 1n mind, the basic functions of the
current mvention can be understood more easily than by
focusing on the details of the circuit implementations used,
by way of example, to provide the functions of the invention.

FIG. 1 shows a block diagram (100) of a DC/DC con-
verter which converts a high voltage Vdd to a lower (or
equal to) voltage V ,, - via an inverter (110). Under control of
a frequency and duty cycle of a switching input signal, Cntrl,
the iverter outputs an inverted version of the switching
input signal, V o3, which 1s fed to a low pass filter (115) for
conversion to a DC signal, V., proportional to the duty
cycle of the V¢, signal. As known to a person skilled 1n the
art, output voltage range and resolution of the DC/DC
converter depicted in FIG. 1 can depend on a lower and
higher frequency of operation of the inverter (110), and
therefore, 1t can be desirable that the inverter (110) operates
from DC to higher frequency, such as 100 MHz or higher.

FIG. 2A represents a circuit diagram of an imnverter (110A)
comprising a first stack of NMOS ftransistors (MS01,
MS02), and a second stack of PMOS transistors (MS11,
MS12), where the two opposite polarities stacks are con-
nected 1n a series configuration to provide the functionality
of an inverter. An output of the mverter 1s provided at a
common node between the first and the second stack which
connects a drain of a bottom PMOS transistor MS12 of the
second stack to a drain of a top NMOS transistor MS02 of
the first stack. Furthermore, gates of the two transistors
MS02 and MS12 associated to the common node are con-
nected. As can be seen 1n the circuit diagram of FIG. 2A, the
second stack 1s coupled to a high voltage equal to 5 volts, via
a source terminal of PMOS transistor MS11, and the first
stack 1s coupled to a reference voltage (e.g. ground) via a
source terminal of NMOS transistor MS01. The stacking
configuration provided by the two transistors (MS11, MS12)
and (MS01, MS02) allows the stacks to each be able to
operate between the high voltage and the reference voltage,
where a voltage handling capability (e.g. 2.5 volts) of each
of the transistors of the stacks 1s substantially lower than the
voltage applied across the stacks during operation of the
inverter.

With further reference to FIG. 2A, during operation of the
inverter (110A), the second stack (MS11, MS12) and the
first stack (MS01, MS02) operate 1n opposite phases; that 1s
to say when the first stack 1s ON, the second stack 1s OFF
and vice versa. When the second stack 1s ON, 1t provides a
conduction path between the high voltage 5V at the source
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terminal of MS11 and an output terminal of the inverter at
a common node of the first and the second stack (carrying
the output voltage V.,,,). When the second stack 1s ON, the
first stack 1s OFF, thereby the output voltage at the output
terminal 1s substantially equal to the high voltage 5V. At the
same time, the first stack (MS01, MS02) blocks a conduc-

tion path between the common node of the output terminal
and the reference voltage, thereby seeing a higher voltage
than the voltage handling capability (e.g. 2.5 volts) of each
of the transistors MS01 and MS02. Alternatively, when the
first stack 1s ON, 1t provides a conduction path between the
common node and the reference voltage at the source of

MS01. When the first stack 1s ON, the second stack 1s OFF,
thereby the output voltage V., at the output terminal 1s
substantially equal to the reference (low) voltage. At the
same time, the second stack (MS11, MS12) blocks a con-
duction path between the common node of the output
terminal and the high voltage 35V, thereby seeing a higher

voltage than the voltage handling capability (e.g. 2.5 volts)
of each of the transistors MS11 and MS12.

Exemplary gate biasing voltages for proper operation of
the inverter (110A) are shown 1n FIG. 2A. In addition to the
logical functionality of the inverter (110A) through 1ts series
connected stacks of opposite polarity, such exemplary gate
biasing voltages also take into consideration voltage han-
dling capabilities of each of the transistors of the stacks,
such as not to subject, during operation of the inverter, any
two terminals of a transistor (MS01, MS02, MS11, MS12)
to a voltage higher than the voltage handling capability of
the transistor. Accordingly, to turn OFF the first stack
(MS01, MS02) and turn ON the second stack (MSI11,
MS12), gate biasing voltages (0V, 2.5V, 2.5V, 2.5V) are
applied to gates of transistors (MS01, MS02, MS12, MS11),
and to turn OFF the first stack and turn ON the second stack,
gate biasing voltages (2.5V, 2.5V, 2.5V, 5V) are applied to
gates of transistors (MS01, MS02, MS12, MS11).

Considering the gate biasing voltages depicted 1n FIG.
2A, when the first stack 1s ON and the second stack 1s OFF,
transistors (MS01, MS02) are ON and transistors (MS11,
MS12) are OFF. Gate voltage of OV turns OFF transistor
MS01, and voltage division of voltage V.., at the common
drain to source node of the two transistors (MS01, MS02)
sets a voltage equal to half of V- at the drain of MS01 and
the source of MS02. Therefore, a gate voltage of 2.5V turns
OFF transistor MS02. At the same time, a gate voltage of
2.5V turns ON PMOS transistor MS11 which has a source
voltage of 3V. Transistor MS11 being ON, voltage at the
source of MS12 (equal to voltage at the drain of MS11) 1s
substantially equal to the source voltage of transistor MS11,
and therefore substantially equal to 5V. This allows a gate
voltage equal to 2.5V to turn ON PMOS transistor MS12 and
therefore provide a high output equal to 5V at the common
node of the first and the second stack carrying the output

voltage V... Alternatively, when the first stack 1s OFF and
the second stack 1s ON, transistors (MS01, MS02) are OFF

and transistors (MS11, MS12) are ON. Gate voltage of 2.5V
turns ON NMOS transistor MS01 thereby bringing the drain
of MS01 and the source of MS02 to the reference (low)
voltage, and gate voltage of 2.5V turns ON the NMOS
transistor MS02 thereby bringing the voltage V., at the
common node of the first and the second stacks to the
reference voltage. The second stack (MS11, MS12) being
OFF, voltage division of a voltage across the second stack

sets a voltage equal to half of the voltage across the stack
(substantially equal to 2.5V) at the drain of MS11 and the
source of MS12, thereby allowing a gate voltage of 2.5V to
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turn OFF the PMOS transistor MS12, and a gate voltage of
SV to turn OFF the PMOS transistor MS11.

As can be seen by the applied gate voltages to the first and
second stacks of the mverter (110A) of FIG. 2A, the tran-
sistor MS01 of the first stack 1s driven by a gate voltage with
levels according to desired operating voltages of the tran-
sistors of the stack (e.g. standard CMOS levels), namely 1n
a range of [0V, 2.5V], transistor MS11 1s driven by a gate
voltage which 1s a level-shifted (shafted up by 2.5 V) version
of the gate voltage used for transistor MS01, and transistors
(MS02, MS12), having a common gate node, are driven by
a constant DC voltage (2.5V). Implementation of the
inverter (110A) will therefore require a level shifting opera-
tion to generate gate biasing of the PMOS transistor MS11.

FIG. 2B represents a circuit diagram of an inverter (110B)
with a stacked based structure similar to the structure of the
inverter (110A) of FIG. 2A, where the first stack and the
second stack of the mverter (110B) each comprise four
transistors instead of the two transistors used 1n the stacks of
the mverter (110A). Accordingly, the inverter (110B) can
operate over a higher voltage as compared to the inverter
(110A), as each of the first NMOS stack (MS01-MS04) and
the second PMOS stack (MS11-MS14) of the inverter
(110B) can withstand a higher voltage. Using the same
transistor devices as used in the mverter (110A), inverter
(110B) can operate over a high voltage, 10V, while 1its
constituent transistors have a voltage handling capability of
2.5V.

Principle of operation of the inverter (110B) 1s similar to
one of the inverter (110A) discussed above, where the two
stacks operate 1n opposite phases. Similarly to operation of
the inverter (110A), proper operation of the inverter (110B)
1s provided via proper biasing of the transistors of the stack
which must take into consideration the voltage handling
capabilities of each of the transistors as discussed above.
Accordingly, exemplary gate biasing voltages for proper
operation of the mverter (110B) are shown 1n FIG. 2B. To
turn OFF the first stack (MS01, MS02, MS03, MS04) and
turn ON the second stack (MS11, MS12, MS13, MS14), gate
biasing voltages (0V, 2.5V, 5V, 7.5, 7.5V, 7.5V, 7.5V, 7.5V)
are applied to gates of transistors (MS01, MS02, MS03,
MS04, MS14, MS13, MS12, MS11), and to turn OFF the
second stack and turn ON the first stack, gate biasing
voltages (2.5V, 2.5V, 2.5V, 2.5V, 2.5V, 5V, 7.5V, 10V) are
applied to gates of transistors (MS01, MS02, MS03, MS04,
MS14, MS13, MS12, MS11).

As can be seen by the applied gate voltages to the first and
second stacks of the inverter (110B) of FIG. 2B, the tran-
sistor MS01 of the first stack 1s driven by a gate voltage with
levels according to desired operating voltages of the tran-
sistors of the stack (e.g. standard CMOS levels), namely 1n
a range of [0V, 2.5V], transistor MS11 1s driven by a gate
voltage which 1s a level-shifted (shifted up by 7.5V) version
of the gate voltage used for transistor MSO01, transistors
(MS02, MS12) are drniven by different DC voltages, and
transistors (MS03, MS04, MS13, MS14) are driven by gate
voltages having two different levels, depending on an ON
state or OFF state of the associated transistor, and which can
be a function (amplification, inversion, level shift) of the
signal applied to the gate of the NMOS transistor MSO1.

Driving the gates of the transistors of the first stack and
the second stack of the inverter (110B) according to the
voltages shown 1n FIG. 2B at high switching speeds can be
a challenge, as any misalignment in the applied gate voltages
can generate voltage differentials across terminals of the
transistors exceeding the voltage handling capability of the
transistors and therefore causing potential damage to the
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transistors. Biasing methods and circuits according to the
various embodiments of the present disclosure address such
challenge and can therefore allow design and implementa-
tion of an HSHYV inverter using three, four, five, six, seven,
eight or higher transistors 1n each of the first stack and the
second stack.

In particular, the biasing circuits according to the present
disclosure can take advantage of certain biasing voltage
patterns apparent 1n the embodiments depicted 1n FIGS. 2A
and 2B. In particular, based on the biasing voltages applied
to the gates of the inverters (110A) and (110B), one can see
that to turn ON the first stack, all associated NMOS tran-
sistor gates are driven by a voltage equal to 2.5V (or 2.5V
above the source voltage of transistor MS01), and to turn
ON the second stack, all associated PMOS ftransistor gates
are driven by a voltage equal to 7.5V (or 2.5V below the
source voltage of transistor MS11). Furthermore, one can
see that to turn OFF the first stack, gate voltage to the
transistors of the first stack increase by a step voltage equal
to 2.5V starting from the bottom NMOS transistor MS01
coupled to the reference voltage, such as (MS01, MS02,
MS03, MS04, . .. )=(0V, 2.5V, 5V, 7.5V, ...),and in a same
tashion, to turn OFF the second stack, gate voltage to the
transistors of the second stack decrease by a step voltage
equal to (-)2.5V starting from the top PMOS transistor
MS11 coupled to the high voltage 10V, such as (..., MS11,
MS12, MS13, MS14)=( . . ., 10V, 7.5V, 3V, 2.5V). It 1s
further noted that gate biasing of the transistors of the first
and the second stack with respect to an output state change
of the inverter follow a symmetry around the common node
(output of the inverter), such as any two transistors (one of
each stack) at a same distance from the common node see a
same step change, in magnitude and polarity, of a corre-
sponding gate voltage for a switch 1n output state of the
inverter. This can be seen, for example, in FIG. 2B, where
step change 1n the gate voltage of transistor pairs (MSO01,
MS11), (MS02, MS12), (MS03, MS13) and (MS04, MS14)
are equal for a change 1n output state of the inverter (110B).
It 1s further noted that magnitude of such step changes are 1n
relation to an equal distribution of a voltage across each of
the transistor stacks when i1n the OFF state, such as, for
example, 1n the case of the inverter (110B) operating over a
voltage of 10V and using four transistors in each of the
first/second stack, the step change equals to 10/4=2.5V.

FIG. 3A represents a block diagram of an HSHV inverter
(300A) according to an embodiment of the present disclo-
sure, which comprises a high stack circuit (310) comprising
a stack of PMOS transistors (e.g. FIG. 4A), biased via a
corresponding high stack bias circuit (320) comprising a
stack of NMOS transistors (e.g. FIG. 4C), and a low stack
circuit (315) comprising a stack of NMOS transistors (e.g.
FIG. 4B) biased via a low stack bias circuit (325) comprising
a stack of PMOS ftransistors (e.g. FIG. 4D). The high stack
circuit (310) 1s coupled to the low stack circuit (315) at a
common node, which 1s an output terminal of the HSHV
inverter (300A), that carries an output voltage V. The
HSHYV 1nverter (300A) operates between a high voltage
Vdd, coupled to the high stack circuit (310), and a low
reference voltage (Gnd), coupled to the low stack circuit
(315); that 1s to say the output voltage V- of the HSHV
inverter (300A) swings between the high voltage Vdd and
the low reference voltage (Gnd) under control of the input
signal voltage Cntrl. The mput signal, Cntrl, 1s fed to the low
portion (315, 325) of the inverter (300A), and a level shifted
version of the input signal, via level shift circuit (335), 1s fed
to the high portion (310, 320) of the inverter (300A).

Principle of operation of the stack based inverter (300A) 1s
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similar to operation of the stack based inverters (110A,
100B) discussed above, where the high stack and the low
stack operate out of phase, one being ON while the other
being OFF, thereby pulling the output node carrying the
output signal V . ;-either high to Vdd, or low to the reference
voltage (ground), under control of the input signal Cntrl. The
high stack bias circuit (320) and the low stack bias circuit
(325) ensure proper biasing of the transistors of the high
stack (310) and the low stack (315) respectively.

With further reference to FIG. 3A, according to an
embodiment of the present disclosure, the level shift circuit
(335) shifts up the DC voltage of the input signal, Cntrl, so
as to allow a shifted version of the input signal, Cntrl*, to
turn ON/OFF a transistor of the high stack (e.g. MS11 of
FIG. 5C) coupled to the high voltage Vdd. In an exemplary
embodiment of the present disclosure, the shifted input
signal, Cntrl*, 1s equal to Vdd when the mput signal, Cntrl,
1s 1n i1ts high state (e.g. 2.5V).

FIG. 3B represents a block diagram of an HSHYV inverter
(300B) according to an embodiment of the present disclo-
sure which 1s similar to the HSHYV nverter (300A) of FIG.
3A, with the addition of further biasing circuits (340) and
(345) for respective biasing of the high stack (310) and the
low stack (315). Such additional biasing circuits can com-
prise a combination of transistors, capacitors and resistors,
as shown, for example, in FIGS. 5C-5D, 6A-6B and 7A-7B,
which can help, 1n combination with the stack biasing
circuits (320, 325), 1n establishing the proper biasing volt-
ages for the high/low stacks (310, 315) and corresponding
transition voltages between switching states of the high/low
stacks (310, 3135), as dictated by the input signal, Cntrl.

FIG. 3C represents a block diagram of yet another
embodiment of an HSHV 1nverter (300C) according to the
present disclosure, which includes an additional biasing
circuit (360) which operates between the high/low stack bias
circuits (320, 325) and the high/low stack circuits (310,
315). According to an exemplary embodiment of the present
disclosure, the additional biasing circuit (360) can comprise
capacitors (e.g. 360A, 3608 of FIG. 5C) connecting nodes
of a same high (310, 320) or low (315, 325) circuit portion
of the HSHYV 1nverter (300C), and capacitors (e.g. 360C of
FIG. SC) connecting nodes of the high stack/stack bias
circuits (310, 320) to nodes of the low stack/stack bias
circuits (315, 325). Capacitors (360C) can serve as strapping
capacitors to strap low impedance and high impedance node
pairs which have a same voltage swing (magnitude and
phase) during an ON/OFF or OFF/ON transition associated
to the switching of the inverter. As common source-drain
nodes during an ON state of a stack are at low impedance
and common source-drain nodes during an OFF state of a
stack are at high impedance, strapping the nodes of the
high/low stacks via capacitors (360C) can provide a low
impedance path to the high impedance nodes for a fast
switching.

Based on the described block diagrams of FIGS. 3A-3C,
it can be seen that the HSHV mverter according to the
various embodiments of the present disclosure comprises a
first stack and a second stack of transistors, denoted the low
stack (315) and the high stack (310) 1n the various figures of
the present disclosure, where the stacks comprise transistors
of opposite polarities as depicted, for example, in FIGS.
6A-6B. Each stack further comprises associated biasing
circuits (e.g. 340, 345, 360), comprising transistors and
passive elements, most notably capacitors and resistors. In
addition, stacks of biasing transistors (320, 325) are added
that are opposite 1n polarity to the stacked transistors they
bias. Specifically, a stack of PMOS ftransistors (e.g. 325 of
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FIGS. 3A-3C, 4D, 5B, 6A, 6B) 1s used to bias the NMOS
transistors of the low stack (315) of the HSHV verter
according to the present disclosure; and a stack of NMOS

transistors (e.g. 320 of FIGS. 3A-3C, 4C, 5A, 6A, 6B) 1s
used to bias the PMOS transistors of the high stack (310) of

the HSHYV 1nverter according to the present disclosure.
The HSHV iverter according to the present invention,
such as inverter 300A-300C, uses stacked transistors of
different polarities to pull the output node of the inverter
high (Vdd) or low (Gnd). According to an exemplary
embodiment of the present disclosure, the high stack (310)
comprises PMOS FET transistors (MS11-MS16) arranged 1n

a stacked configuration as depicted in FIG. 4A, and the low
stack (315) comprises NMOS FET ftransistors (MSO01-

MS06) arranged 1n a stacked configuration as depicted 1n
FIG. 4B. Similarly, biasing of the high/low stacks (310/315)
comprises coupling of the high/low stacks with stacked
transistors of opposite polarity to the polarity of the stacks

they bias. For example, the high stack bias circuit (320),
which 1s used to bias the PMOS high stack (310), 1s shown
in FIG. 4C, and the low stack bias circuit (325), which 1s
used to bias the NMOS low stack (320), 1s shown 1n FIG.
4D. As can be seen 1n FIGS. 4C-4D, the high stack bias
circuit (320) comprises NMOS FET transistors (MB11-
MB1S5) arranged 1n a stacked configuration (also known as
series configuration), and the low stack bias circuit (325)
comprises PMOS FET transistors (MB01-MB0S) arranged
in a stacked configuration. It should be noted that the
exemplary case of six stacked transistors used 1n each of the
high/low stacks (310/320) should not be considered as
limiting the scope of what the inventor considers his inven-
tion, as different stack heights can be used to address, for
example, different switching voltage levels at the output of
the HSHYV 1nverter according to the present disclosure.
Coupling of the high stack (310) and the low stack (315)
to the corresponding high stack bias circuit (320) and the
low stack bias circuit (325) 1s shown in FIGS. 5A and 5B
respectively. FIG. 5A shows the PMOS transistors (MS11-
MS16) of the high stack (310) arranged 1n a stacked con-
figuration, where interconnection of the transistors 1s pro-
vided via connection of a drain (D) of a transistor to a source
(S) of an adjacent transistor, thereby providing common
source-drain nodes (510) between the adjacent transistors in
the stack (e.g. MS12, MS13). The stacked arrangements
(315, 320, 325) provide similar common source-drain nodes
(510) created via interconnections of the transistors in the
stacks. As can be seen in FIG. 5A, five stacked NMOS
transistors (MB11-MB13) of the high stack bias circuit (320)
are used to bias six stacked PMOS transistors (MS11-MS16)
of the high stack (310), where the gates (G) of the PMOS
transistors (MS12-MS15) are connected to common source-
drain nodes of the high stack bias circuit (320), and the gates
(G) of the NMOS transistors (MB11-MB15) are connected
to common source-drain nodes of the high stack (310),
exception being the topmost and the bottommost transistors
MS11 and MS16 of the high stack (310), where the gate of
MS11 1s connected to the drain of the topmost transistor
MB11 of the high bias stack (320) and the gate of MS16 1s
connected to the source of the bottommost transistor MB13
of the high bias stack (320). As a consequence of the
coupling between the high stack (310) and the high stack
bias circuit (320), common source-drain nodes (510) of the
high stack (310) are each connected, from top to bottom, to
a corresponding gate of the high stack bias circuit (320),
from top to bottom. Similarly, and as shown 1n FIG. 5B,
coupling between the low stack (315) and the corresponding
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low stack bias circuit (325) 1s performed via connections of
gates and common source-drain nodes (510) of the stacks, 1n
a top to bottom sequence.

FIG. 5C represents a first embodiment of an HSHV
inverter (500C) according to the present disclosure, includ-
ing strapping capacitors (360A, 3608, 360C) used to strap
various nodes of the transistor stacks (310, 315, 320, 325),
and biasing circuits (340a, 345a) used to further assist 1n
providing the proper bias voltages (DC) to the high/low
stacks (310, 315). The basic operation of the biasing stacks
(320, 325) used to bias stacks (310, 315) can be understood
from the circuit schematics of FIG. SC, by simply following
how the transistors turn ON and OFF 1n response to a change
of state of the input signal, Cntrl (and its level shifted version
Cntrl*), which 1s typically provided separately from a pulse
width modulator, PWM.

It should be noted that desired operating voltages of
transistors may be chosen such that transistors have specific
performance. In general, the voltages across given nodes of
transistors are often controlled to certain desired operating
voltages below the voltage handling capabilities of the
transistors based on reliability limits of the technology. The
reliability limits for a specific device 1n a certain technology
may vary based on parameters such as the device type,
device size, desired lifetime, operating temperature, and
desired performance characteristics.

With further reference to the HSHV 1nverter (500C) of
FIG. SC, let’s consider first the case where the output V.
node 1s 1n the high state. As there are six transistors in each
of the high/low stacks (310/320) with each transistor having
a desired operating voltage of 2.5V (e.g. each transistor can
handle 2.5V across its drain and source nodes), the high state
can be as high as 15V and can be provided by the voltage at
Vdd.

When the exemplary HSHYV 1verter (500C) output 1s 1in
the high state, with V ;- equal to 15V, the PMOS high stack
(310) 1s ON, with the gate voltages of all its PMOS
transistors (MS11-MS16) to about 12.5V and voltages at the
common source-drain nodes (vd15s16-vd11s12 as shown 1n
FIG. 5C) to 15V, and the NMOS high stack bias (320) 1s ON,
with gate voltages of all its NMOS ftransistors (MB11-
MB1S) to 15V (as these are connected to the common
source-drain nodes of the stack (310)) and voltages at the
common drain-source nodes of NMOS transistors (MB11-
MB135) equal to the about 12.5V (as these are connected to
the gates of the stack (310)). At the same time, the NMOS
low stack (315) and the PMOS low stack bias (325) are both
OFF, with a gate-to-source voltage, Vgs, of NMOS ftransis-
tors (MS01-MS06) and PMOS transistors (MB01-MB06)
roughly equal to OV, and drain-to-source voltage, Vds, of
NMOS transistors (MS01-MS06) of about 2.5V (equal divi-
sion of voltage at V... across the transistors of the stack
(315)).

When the HSHYV 1nverter (500C) 1s 1n the high state, the
input signal, Cntrl, 1s in the low state. Let’s assume a
transition of the input signal, Cntrl, from the low state to a
high state (e.g. 2.5V) and consider 1ts etlect on the lower
stack (315) and associated biasing stack (325). To be noted
that such transition of the input signal, Cnrtl, causes a same
transition (equal in magnitude and polarity) on the shifted
version of the input signal, Cntrl*, provided to the high stack
(310), where a low level of the Cntrl* signal 1s 12.5V and a
high level 1s 15V. As the input signal 1s coupled to the gate
of the NMOS transistor MS06 of the low stack (315), the
transition of the input signal turns ON MS06, causing the
drain of MS06 (node vd6s5) to transition from 2.5V down
toward OV (Gnd). Assuming that a threshold voltage, Vth, of
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the NMOS transistors and the PMOS transistors used 1n the
HSHYV 1nverter (S00C) 1s equal to 0.5V and -0.5V respec-
tively, once voltage at node vdésS reaches 2.0V, transistors
MS0S5 and MBO05 both start to turn ON because their
respective threshold voltages 1s reached (Vgs
MS05>0.5V and Vgs of MB05<-0.5V). Since gate voltage
at node vgd of MSO0S5 1s already at around 2.5V, MB0S
turning ON does not cause a transition at vgs, but MS03
turning ON causes 1ts drain voltage (node vd5s4) to drop
toward the source voltage of MS0S. Once the voltage at
node vdSs4 drops below 4.5V, MS04 and MB04 start to turn
ON. Turning ON of MS04 causes voltage at node vd4s3 to
drop, and MB04 turning ON causes voltage at node vg4 to
drop. Once vd4s3 voltage drops below 7V, MS03 and MB03
start to turn ON, and the same process repeats itself and
ripples all the way up to sequentially turn ON (MS02,
MB02) and (MS01, MB01).

Therefore the low to high transition of the iput signal,
Cnatrl, results 1n turning ON all the lower stack (315) NMOS
transistors (MS01-MS06), 1n sequence, starting from the
bottommost transistor of the stack, MS06, and ending with

topmost transistor of the stack, MS01. Also, biasing stack
transistors (MB01-MB05) turn ON {following a similar

sequence as each transistor (MB05, MB04, MB03, MB02,
MB01) 1s turned ON at the same time as an associated
transistor (MS05, MS04, MS03, MS02, MS01) of the lower
stack (315). When settled 1n the ON state, lower stack (315)
transistors (MS01-MS06) have their source and drain nodes
at a voltage of OV and their gate nodes (vgl-vg6) at a voltage
of 2.5V, whereas the transistors (MB01-MB05) of the lower
stack bias circuit (325) have their source and drain nodes at
a voltage of 2.5V and their gate nodes at a voltage of OV,

The same transition of the iput signal, Cntrl, to the
HSHYV verter (500C) causes a transition, from a low state
to a high state, of the level shifted signal, Cartl*, fed to the
high stack (310) and to the associated high stack biasing
circuit (320). This transition causes a similar sequence of
events 1n the high stack (310) and the high stack biasing
stack (320) which ripple through these stacks in a top-
bottom manner (starting from MS11 turning OFF), and in
synchrony with the bottom-up sequence of events described
above 1n relation to a response of the low stack (315) and
associated low stack biasing circuit (3235) to a change of state
of the mput signal, Cntrl. As transistors 1n the bottom half
portion (315, 325) of the HSHV mverter (500C) turn ON
sequentially 1n a bottom-up manner, transistors in the top
half portion (310, 320) of the HSHV 1verter (500C) turn
OFF sequentially in a top-down manner. The combined
ellect of the two synchronized sequence of events in the top
and bottom portions of the HSHV 1nverter (500C) 1s the
stepping down of the output voltage V.., from a high state,
Vdd, to a low state, Gnd.

As described above, the HSHV 1nverter (500C) according
to the present disclosure comprises symmetrically identical
nodes 1n the top half and the bottom half portions which see
a same voltage step change 1n response to a change in the
state of the input signal, and therefore such nodes move

up/down, 1n synchrony, by a same voltage. Nodes (vd6ssS,
vdlls12), (vdSs4, vd12s13), (vdds3, vd13s14), (vd3s2,

vd14s1S), and (vd2s1, vd15s516), which are at different DC
voltage levels, are coupled to each other via strapping
capacitors (360C) which allow to immediately couple a
voltage change from one node (low impedance) to the other
node (high impedance) while blocking a corresponding DC
voltage, and therefore ensure synchronous and high-speed
transitions to a desired bias voltage level (by providing a low
impedance path to the high impedance node). Strapping of
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nodes, via for example the strapping capacitors (360C), 1s
required to maintain, throughout a state transition phase of
the mverter, proper voltages to the transistors of the HSHV
inverter (500C) such as to not subject the transistors to
voltages higher than their desired operating voltage.

Similarly, strapping capacitors (360A-360B) couple
nodes to each other (as shown in FIG. 5C) which immedi-
ately couple a voltage change from one node to the other
node while blocking a corresponding DC voltage, and
therefore ensure synchronous and high-speed transitions to
a desired bias voltage level. These capacitors (360A-360B)
specifically couple drain/source nodes to gate nodes.

As shown 1n FIG. 5C, and FIG. 5D which represents an
enlarged view of the high stack (310) and corresponding
biasing circuit (340a), resistors (R1-R6) arranged 1n a resis-
tive voltage divider configuration between the supply Vdd
and the common node (carrying the output voltage V)
provide the required DC bias voltages to the nodes
(vd11ls12-vd15s16, vgl2-vgl6) of the high stack (310) for
proper biasing of the transistors (MS11-MS16) during the
OFF state of the high stack (310). The resistively divided
voltage obtained at each common node (N1-N5) of the
resistors (R1-R6) 1s directly (e.g. resistively) provided to the
common source-drain nodes (vd11s12-vd15s16) and to the
gate nodes (vgl2-vgl5) through PMOS transistors (MP12-
MP15) (e.g. through transistor coupling). In a case where
transistor MP16 1s provided, as shown 1n FIG. 5D, node NS
also provides biasing voltage to the gate node vglé through
the PMOS transistor MP16. Biasing circuit (343a), coupled
to the low stack (315), has similar interconnecting compo-
nents to the biasing circuit (340a) to provide same function-

ality to the low stack (315), except that the biasing circuit
(345a) uses NMOS ftransistors instead of the PMOS tran-

sistors (MP12-MP15) of the biasing circuit (340a), as shown
in FIG. 5C.

With further reference to FIGS. 5C and 5D, 1t should be
noted that transistor MP16, shown 1n a dotted circle in FIG.
5D, 1s not necessary 1n the operation of the circuit (340a), as
biasing of the gate of transistor MS16 (vgl6) of the high
stack (310), when the high stack 1s in the OFF state, 1s
provided by the low stack bias circuit (325) which biases the
low stack (315), the low stack (315) being in the ON state
and therefore the low stack bias circuit (325) also being 1n
the ON state. The person skilled in the art will recognize that
existence of the transistor MP16 has little to no impact to the
operation of the circuit because the ON state of the low stack
bias circuit (325) can easily over-drive the MP16 “on” path
since MP16 comes from a high impedance resistor stack
(e.g. R1-R5). The various exemplary embodiments of the
HSHYV 1nverter of the present disclosure can therefore be
made with or without a transistor MP16 (and equivalent for
the low stack). However, 1n a case where only half of the
circuit represented 1n FIG. 5C 1s used, such as the exemplary
cases of a pull-up mode and/or a pull-down mode described
in later sections of the present disclosure (e.g. FIG. 10),
transistor MP16 1s required to bias the gate of the transistor
MS16 of the stack.

FIG. 6A represents a circuit diagram of an HSHYV 1nverter
(600A) according to a second embodiment of the present
disclosure which uses capacitive division to reduce the total
capacitance used to properly biasing (and protecting) the
gates of the transistors of the high stack (310) and the low
stack (315). The person skilled 1n the art will recognize that
the circuit diagram of FIG. 6A 1s a build up from the circuit
diagram of FIG. 5C, where biasing circuits (3406) and
(345b) 1include additional capacitors and resistors to allow
proper biasing of the stacks while reducing total capacitance
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of the circuit. In the exemplary case of six transistors in each
of the stacks (310/315), the total capacitance used in the
HSHYV 1nverter (600A) of FIG. 6A 1s about 12.5 pF as
compared to the total capacitance of 120 pF used in the
HSHYV 1nverter (500C) of FIG. 5C.

Capacitive division in the HSHV 1nverter (600A) of FIG.
6 A 1s provided via the circuit (3405) for the high stack (310)
and via the circuit (3455b) for the low stack (315). FIG. 6B
represents a diagram of the circuit (3405), comprising a
plurality of resistors (R1-R6, Rs1-Rs5), a plurality of capaci-
tors (C1-C5) and a plurality of PMOS transistors (MP12-
MP16) interconnected and coupled to nodes of the high
stack (310) to provide the required bias voltage levels to the
transistors of the high stack (310). It should be noted that the
circuit (345b) coupled to the low stack (315) has similar
interconnecting components to the circuit (3405) to provide
same functionality to the low stack (3135), except that it uses
NMOS transistors instead of the PMOS transistors (MP12-
MP16).

With further reference to the circuit (3405) represented in
FIG. 6B, equal division of a voltage across the high stack
(310) to provide a substantially same voltage across each of
the transistors (MS11-MS16) of the stack during a steady
state operation of the mverter (600A) as well as during a
state transition phase (e.g. from low to high output state or
vice versa) of the mverter (600A) 1s provided by the func-
tionality of the circuit (34056). Resistors (R1-R6) and PMOS
transistors (MP12-MP16) are previously described above
(with reference to FIG. 5C). During a state transition phase
of the inverter (600A), the combination of a capacitor
(C1-C5) series connected to a corresponding transistor
(MS12-MS16) provides fast capacitive voltage division (C1
paired with MS12, C2 paired with MS13, etc). This 1s
important because during the output transition, the drain
nodes for MS11-MS16 will be pulled low, and the capacitive
division prevents the gate nodes (vgl2-vgl6é) from being
pulled lower than the desired level. Due to the fast response
of capacitors, the capacitive voltage division provided 1n the
circuit (3405) can rapidly adjust voltages at nodes of the
high stack (310) for maintaining a desired biasing voltage at
those nodes through the state transition phase, whereas the
slower resistive voltage divider (R1-R6) can provide the
required DC bias voltages during the OFF state. The person
skilled 1n the art will realize that during an ON state of the
high stack (310), all transistors of the high stack are ON and
therefore voltage at nodes (vdlls12-vd15s16) 1s substan-
tially equal to Vdd.

Upon a change of state at the input of the HSHYV 1nverter
(600A), a corresponding rate of change of the output voltage
V., (output slew rate) to transition to a new state can
depend on a capacitive load coupled to the common node
carrying the output voltage V.. As capacitor nodes (e.g.
N1-NS5 of FIG. 6B) carrying capacitive division voltages are
coupled (e.g. via transistors MP12-MP16) to nodes of the
high/low biasing stacks (330/325) which can see voltage
transitions at a rate which 1s faster than the slew rate of the
output voltage V;;, charge bled off from such capacitor
nodes (e.g. due to a voltage difference between the capacitor
nodes and the coupled nodes of the high/low biasing stacks)
can depend on the output voltage slew rate.

FIG. 7A represents a circuit diagram of an HSHV inverter
(700A) according to a third embodiment of the present
disclosure which uses buflering transistors (in circuits 340c,
345c¢) to reduce dependency of charge leakage from capaci-
tive nodes (e.g. nodes N1-N5 of 340c¢, 345¢, as shown, for
example, 1n FIG. 7B for the case of 340¢) with respect to the
slew rate of the output voltage V ;. The person skilled 1n the
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art will recognize that the circuit diagram of FIG. 7A 1s a
build up from the circuit diagram of FIG. 6A, with some
modifications to the circuits (3405, 345b) of FIG. 6A to
provide, for example, the functionality of the buflering
transistors discussed above and as further depicted 1n FIG.
7B which includes further details of the circuit (340c¢) of
FIG. 7A.

As can be seen 1n the circuit diagrams of FIGS. 7A-7B, a
stack of series connected capacitors (C11-C16) 1n parallel
with the stack of series connected resistors (R1-R6) create
the capacitive and resistive voltage division at nodes (IN1-
NS), where the nodes (N1-N5) are buflered, via transistors
(MC11-MC15), to common source-drain nodes of the bias-
ing stacks (320, 325). In addition to providing buflering to
such nodes, NMOS transistors (MC11-MC15) act as clamps
to keep the gates of the transistors (MS11-MS16) of the
stack (310) from getting pulled up by a change of the output
voltage V .- through voltage coupling associated to Cgs and
Cgd capacitances of the transistors. The various capacitors
(360) of the HSHYV 1verter of FIGS. 6A-6B are replaced by
the series capacitor stack (C11-C16) in FIGS. 7A-7B to
provide same functionality. It should be noted that the circuit
(345¢) coupled to the low stack (315) of the HSHYV 1nverter
(700A) has similar interconnecting components to the circuit
(340c¢) depicted 1n FIG. 7B, and provides same functionality
to the low stack (315), except that 1t uses PMOS transistors
instead of the NMOS transistors (MC11-MC15).

It may be desirable to further limit the leakage off the
capacitors (C11-C16) during a transition time associated to
a change of state of the output V,,, of the inverter (700A).
According to one embodiment of the present disclosure, this
can be achieved by replacing the resistors (Rs1-Rs5) of
circuit (340¢) 1n FIG. 7B with PMOS ftransistors as shown
in FIG. 7C. The person skilled 1n the art will realize that
same functionality can be provided by replacing equivalent
resistors 1n the lower half portion of the inverter circuit
(345¢) with NMOS transistors istead of PMOS transistors.

FIG. 8A represents a circuit diagram of a fourth exem-
plary embodiment of an HSHV inverter (800A) according to
the present disclosure, where further isolation of the capaci-
tive and resistive divider nodes (e.g. N1-N5) is provided via
stacked transistors where each transistor of the stack 1s
configured as a source follower, as seen in FIG. 8A and FIG.
8B. The addition of stacked PMOS transistors (MF11-
MF15) 1in circuit (340d) of the inverter (800A) further
1solates nodes (N1-N5) irrespective of a polarity of a voltage
change at the output node V ;. during a state transition phase
of the HSHV imverter (800A). Added stack of NMOS
transistors to the lower portion circuit (345d) of the inverter
(800A) as seen 1n FIG. 8A provides for same functionality.
As can be seen 1n FIG. 8A, with further details in FIG. 8B,
cach of the circuits (340d, 345d) comprise two stacks of
transistors (e.g. (MC11-MC15) and (MF11-MF15) of FIG.
8B) of opposite polarity which serve as source followers and
1solation to the capacitive and resistive nodes (e.g. (N1-
NS5)), as well as voltage clamps to limit voltage swings at the
nodes (vgl-vgs, vgl2-vgl6) of the high/low stacks (310/
315) caused by capacitive coupling to output V ;. voltage
SWINgSs.

FIG. 8A also contains a resistor (R80), which couples the
bias circuitry (320 and 325). This resistor limits the 1nstan-
taneous current that may be undesirably generated during a
change of state of the mput by the sets of source follower
transistors (MC11-MC15 and MF11-MF15). If too high, this
instantaneous current can over time cause electro-migration
damage to the device. The current can also disrupt the input
by generating a noise component. The added resistor helps
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to limit the instantaneous currents, thereby improving the
reliability of the device and suppressing this potential noise
source.

The HSHYV mverters according to the various exemplary
embodiments presented above can operate from DC to high
speed (e.g. 100 MHZ and higher) at voltages substantially
higher than a voltage handling capability of its constituent
transistors via a modular and stackable design approach.
Higher voltage capability i1s provided by using transistor
stacks (310, 315) of higher heights (higher number of
stacked transistors), where biasing circuitry (320, 325, 340,
345, 360) can precisely control bias voltages applied to the
transistor stacks without sacrificing speed of operation.
Capacitive voltage division, via series connected capacitor
stacks (C11-C16), 1s used to provide high speed biasing
during state transition phase of the HSHV inverter, and
resistive voltage division, via series connected resistor
stacks (R1-R6), 1s used to provide biasing in the steady
states (e.g. OFF) of the stacks. Transistor stacks, (320, 325),
are used to control ON/OFF operation of the main stacks

(310, 315) as dictated by a level of an input signal, whereas
transistor stacks (MC11-MC15) and (MF11-MF15) are used
to provide capacitive/resistive voltage division to nodes of
the stacks (310, 315) while protecting the gates of the
transistors of the stacks (310, 315) from overvoltage (higher
than a desired operating voltage of the transistors) by
clamping the gate voltage of MS12-MS16 during a state
transition phase of the inverter.

FIG. 9A represents a circuit diagram of an exemplary
level shifter (900A) which can be used to provide a level
shifted version of an 1nput signal to the high stack (310) of
the HSHV 1nverter according to the present invention. As
can be seen 1n the circuit diagram, the level shifter (900A)
comprises an input builering stage (910) which buflers an
input signal, Input, to the inverter and feeds the builered
input signal to two buflers; a bufler (945) which outputs the
Cnatrl mput signal to the low stack (315) of the HSHV
inverter, and a buffer (940) which outputs the level shifted
version of the mput signal, Cntrl*, which 1s 1n phase with the
Cnatrl signal, to the high stack (310) of the HSHV inverter.
Buflers (910, 945) operate between the reference low volt-
age (Gnd) and Vdd1l (e.g. 2.5V), whereas the builer (940)
operates between the high voltage Vdd (e.g. 15 V) and a high
bufler reference voltage substantially equal to Vdd-Vddl
(e.g. 12.5 V). Generation of the high bufler reference voltage
1s provided by circuit (915) comprising stacked series con-
nected resistors 1n parallel with stacked series connected
capacitors, circuit (925) comprising stacked PMOS transis-
tors each configures as a voltage follower to bufler nodes of
the circuit (915), circuit (920) comprising two parallel
identical stacks of series connected NMOS and PMOS
transistors, and circuit (930). It should be noted that all
transistors used 1n the level shifter (900A) have a voltage
handling capability which 1s substantially lower (e.g. 2.5 V)
than the high voltage Vdd (e.g. 15 V). FIG. 9B shows a
simplified block diagram of an HSHV 1nverter according to
the present disclosure including the level shifter (900A).
Capacitors C90 and C91 are added to ensure the voltages
applied to the cross coupled devices (910, 930, 940, and
945) are maintained during fast transitions. Specifically,
capacitor (C90) ensures the voltage between 910 and 930 1s
maintained during a fast transition, and C91 ensures the
voltage between 940 and 945 1s maintained during a fast
transition.

This level shifter implementation in FIG. 9A has the
advantage of low static current. The only static current 1s
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through the resistor divider 1n circuit (915). This current may
be minimized by increasing the resistor values in the resistor
divider.

According to an embodiment of the present disclosure, a
top half or bottom half portion of the HSHV inverters
presented above can be used as a driver with open-drain
configuration. An exemplary case of such embodiment is
represented 1in FIG. 10, where a bottom half of the HSHV
inverter of FIG. 8 A, comprising the low stack (315), the low
stack biasing circuit (325) and the circuit (345d) are used
with a same interconnection to provide the functionality of
an open-drain driver under control of the Cntrl signal. The
open-drain, corresponding to a current sinking node V.,
can be used to connect a pull-up element (1010) connected
between the node V., and the high voltage supply Vdd.
Accordingly, under control of the Cntrl signal, voltage at
node V.- can toggle between a high voltage substantially
equal to the Vdd voltage (for Cntrl=Low), and a low voltage
substantially equal to the reference voltage Gnd (for
Catrl=High). Although in the exemplary case depicted 1n
FIG. 10 aresistor 1s shown as the pull-up element (1010), the
person skilled in the art readily understands that other
clements, such as, for example, a diode, can be used instead
and/or 1n combination with the resistor.

According to a further embodiment of the present disclo-
sure, an open-drain configuration with pull-down element
can be provided by considering the top half of the HSHV
inverter of FIG. 8A, or any of the HSHYV 1nverters presented
above. FIG. 11 represents such an open-drain embodiment
(1100) with pull-down element (1100), based on the HSHV
inverter of FIG. 8 A. In such exemplary configuration, a level
shifted control signal, Cntrl*, fed to the gate of transistor
MS11 of the high stack (310) dictates the high/low state of
the output signal at node V ;. Accordingly, under control of
the Cntrl* signal, voltage at node V .,;, can toggle between a
high voltage substantially equal to the Vdd voltage (for
Catrl*=Low), and a low voltage substantially equal to the
reference voltage Gnd (for Cntrl*=High).

When compared to the two-stack configuration of the
various embodiments according to the present disclosure
discussed above (e.g. FIGS. 3A-9B) where two series con-
nected stacks (low/high stack 315/310) are used to generate
an output at a common node of the two stacks, the single
stack configuration depicted in FIG. 10 allows for a simpler
configuration while providing some of the same benefits as
provided by the two-stack configuration. In particular, the
stack biasing circuit (325) and the circuit (345d) allow
operation of the single stack open-drain configuration over
higher voltages than a voltage handling capability of any
individual transistor of the stack (315) and do not require a
level shifter (e.g. 335 of FIGS. 3A-3C, 6A, 7A, 8A). The
single stack open-drain configuration of the present disclo-
sure can be used, for example, 1n DC-DC applications where
only a pull-up or pull-down 1s used 1n a conjunction with a
diode element.

With the present description, an mnovative high speed
and high voltage HSHV driver that operates over voltages
substantially higher than the voltage handling capability of
the low voltage transistors used in the HSHV driver has been
disclosed.

Applications that may include the novel apparatus and
systems of various embodiments include electronic circuitry
used 1n high speed computers, communication and signal
processing circuitry, modems, single or multi-processor
modules, single or multiple embedded processors, data
switches, and application-specific modules, including mul-
tilayer, multi-chip modules. Such apparatus and systems
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may further be included as sub-components within a variety
of electronic systems, such as televisions, cellular tele-
phones, personal computers (e.g., laptop computers, desktop
computers, handheld computers, tablet computers, etc.),
workstations, radios, video players, audio players (e.g., mp3
players), vehicles, medical devices (e.g., heart momnitor,
blood pressure monitor, etc.) and others. Some embodiments
may include a number of methods.

It may be possible to execute the activities described
herein i an order other than the order described. Various
activities described with respect to the methods identified
herein can be executed in repetitive, serial, or parallel
fashion.

The accompanying drawings that form a part hereof show,
by way of illustration and not of limitation, specific embodi-
ments 1 which the subject matter may be practiced. The
embodiments 1llustrated are described in suflicient detail to
enable those skilled 1n the art to practice the teachings
disclosed herein. Other embodiments may be utilized and
derived there-from, such that structural and logical substi-
tutions and changes may be made without departing from
the scope of this disclosure. This Detailed Description,
therefore, 1s not to be taken 1n a limiting sense, and the scope
of various embodiments 1s defined only by the appended
claims, along with the full range of equivalents to which
such claims are entitled.

Such embodiments of the inventive subject matter may be
referred to herein individually or collectively by the term
“invention” merely for convenience and without intending
to voluntarily limit the scope of this application to any single
invention or inventive concept, 1f more than one 1s 1n fact
disclosed. Thus, although specific embodiments have been
illustrated and described herein, any arrangement calculated
to achieve the same purpose may be substituted for the
specific embodiments shown. This disclosure 1s intended to
cover any and all adaptations or varations of various
embodiments. Combinations of the above embodiments, and
other embodiments not specifically described herein, will be
apparent to those of skill 1n the art upon reviewing the above
description.

The Abstract of the Disclosure 1s provided to comply with
37 C.F.R. § 1.72(b), requiring an abstract that will allow the
reader to quickly ascertain the nature of the technical dis-
closure. It 1s submitted with the understanding that 1t will not
be used to interpret or limit the scope or meaning of the
claims. In the foregoing Detailed Description, various fea-
tures are grouped together 1n a single embodiment for the
purpose of streamlining the disclosure. This method of
disclosure 1s not to be iterpreted to require more features
than are expressly recited in each claim. Rather, inventive
subject matter may be found in less than all features of a
single disclosed embodiment. Thus the following claims are
hereby incorporated 1nto the Detailed Description, with each
claim standing on 1ts own as a separate embodiment.

The invention claimed 1s:

1. A high speed high voltage (HSHV) open drain driver

comprising:

a main stack of transistors of a first type coupled between
a reference voltage and an output node of the HSHV
driver;

a biasing circuit configured to provide biasing voltages to
the main stack, the biasing circuit comprising a biasing
stack of transistors of a second type;

wherein:

gate nodes of a first to a last transistor of the main stack
are coupled sequentially and in a one to one relation-

10

15

20

25

30

35

40

45

50

55

60

65

18

ship to source and/or drain nodes of a first to a last
transistor of the biasing stack,

source nodes of transistors of the main stack of transistors
are coupled 1n a one to one relationship to gate nodes
of transistors of the biasing stack,

the output node 1s a drain node of an output transistor of
the main stack of transistors adapted to be coupled to a
high voltage by way of a pull-up element, and

transistors of the main stack and the biasing stack having
desired operating voltages substantially smaller than
the high voltage.

2. The HSHYV open drain drniver of claim 1, wherein the

HSHYV open drain driver operates 1n:

an ON mode, wherein a voltage at the output node 1s
substantially equal to the reference voltage, and

an OFF mode, wherein the voltage at the output node 1s
substantially equal to the high voltage,

wherein operation 1n one of the ON mode and the OFF

mode 1s based on a voltage level of the mput signal to
the HSHV driver.

3. The HSHYV open drain driver of claim 2, wherein in the
ON mode, all transistors of the main stack and the biasing
stack are ON, and in the OFF mode, all transistors of the
main stack and the biasing stack are OFF.

4. The HSHV open drain driver of claim 1, wherein the
main stack comprises a number of stacked transistors equal
to or higher than three.

5. The HSHYV open drain drniver of claim 1, wherein the
first type 1s N-type and the second type 1s P-type.

6. The HSHV open drain driver of claim 1, wherein:

transistors of the main stack and the biasing stack are

coupled 1n series with common source-drain nodes,
forming a sequence of coupled transistors with a first
transistor and a last transistor,

the last transistor of the main stack 1s the output transistor

and the first transistor of the main stack 1s an 1nput
transistor of the HSHYV open drain driver,

a gate node of the iput transistor 1s configured to receive

the mnput signal,

a source node of the input transistor 1s coupled to the

reference voltage, and

common source-drain nodes of the first to the last tran-

sistor of the main stack are coupled sequentially and 1n
a one to one relationship to gate nodes of the first to the
last transistor of the biasing stack.

7. The HSHYV open drain driver of claim 6, wherein the
input signal 1s configured to switch between the reference
voltage and a voltage higher than the reference voltage and
lower than each of the desired operating voltages.

8. The HSHYV open drain driver of claim 6, wherein the
biasing voltages to the main stack are provided by coupling
of the biasing circuit to the gate nodes and common source-
drain nodes of the main stack.

9. The HSHYV open drain driver of claim 6, wherein:

the biasing circuit further comprises a plurality of series

connected resistors configured as a resistive voltage
divider between the source node of the first transistor of
the main stack and the drain node of the last transistor
of the main stack, and

resistive nodes of the resistive voltage divider connecting

two consecutive resistors of the plurality of series
connected resistors are coupled to the gate nodes of the
transistors of the main stack 1n a one to one relation-
ship.

10. The HSHYV open drain driver of claim 9, wherein the
coupling from the resistive nodes of the resistive voltage
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dividers to the gate nodes 1s one or more of a) a direct
coupling, b) a resistive coupling, and ¢) a transistor cou-

pling.

11. The HSHYV open drain driver of claim 10, wherein the
coupling through a transistor comprises a source-follower
circuit.

12. The HSHYV open drain driver of claim 9, wherein the
biasing circuit further comprises a plurality of capacitors
cach connected between a resistive node of the resistive
voltage divider and the source node of the first transistor of
the main stack.

13. The HSHYV open drain driver of claim 9, wherein:

the biasing circuit further comprises a plurality of series

connected capacitors configured as a capacitive voltage
divider between the source node of the first transistor of
the main stack and the output node coupled to the drain
of the last transistor of the main stack, and

capacitive nodes of the capacitive voltage divider con-

necting two consecutive capacitors of the plurality of
series connected capacitors are coupled to the gate
nodes of the transistors of the main stack 1n a one to one
relationship.

14. The HSHV open drain drniver of claim 13, further
comprising coupling between the plurality of series con-
nected capacitors from the biasing circuit and the gate nodes
of the transistors of the main stack.

15. The HSHYV open drain driver of claim 14, wherein the
coupling between the plurality of series connected capaci-
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tors from the biasing circuit and the gate nodes of the
transistors of the main stack 1s through a transistor.

16. The HSHYV open drain driver of claim 6, wherein the

biasing circuit 1s configured to provide the biasing voltages
of the HSHV open drain driver at an output switching
frequency of 0 Hz to 20 MHz.

17. The HSHV open drain driver of claim 16, wherein
biasing of the transistors of the main stack does not exceed
the desired operating voltages across any two terminals of

the transistors.

18. The HSHYV open drain driver of claim 6, wherein the
biasing circuit 1s configured to provide the biasing voltages
of the HSHV open drain driver at an output switching
frequency of 0 Hz to 100 MHz.

19. The HSHV open drain driver of claim 18, wherein
biasing of the transistors of the main stack does not exceed
the desired operating voltages across any two terminals of
the transistors.

20. The HSHYV open drain driver of claim 6, wherein the
biasing circuit 1s configured to provide the biasing voltages
of the HSHV open drain driver at an output switching
frequency above 100 MHz.

21. The HSHV open drain driver of claim 20, wherein
biasing of the transistors of the main stack does not exceed
the desired operating voltages across any two terminals of
the transistors.
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