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voltage driver, wherein the dual stack voltage driver comprises a first stack
of transistors, and a second stack of transistors; and one or more feedback
transistors each coupled to a transistor of the second stack of transistors.
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APPARATUS AND METHOD FOR OVER-VOLTAGE PROTECTION

CLAIM OF PRIORITY

[0001] This Application claims priority to U.S. Patent Application No. 16/022,555,
filed on June 28, 2018 and titled “APPARATUS AND METHOD FOR OVER-VOLTAGE
PROTECTION”, which is incorporated by reference in its entirety for all purposes.

BACKGROUND
[0002] Transistor aging can be a major showstopper in FinFET (Fin Field Effect
Transistor) technologies which generally suffer from enhanced degradation of transistors
compared to planar technologies. Circuits are generally affected by aging in two ways: (1)
continuous decline of the circuit performance over its lifetime; and (2) an irreversible dielec-
tric breakdown of transistors, leading to an instantaneous failure of the corresponding circuit.
[0003] Due to the exponential voltage dependence of aging, aging mainly affects cir-
cuits where transistors are exposed to over-voltages. One class of circuits where over-
voltages commonly appear are high voltage circuits using stacked low voltage devices. Ex-
amples of high voltage circuits are high-voltage I/O cells, power amplifiers, or DC-DC con-

verters, etc.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The embodiments of the disclosure will be understood more fully from the
detailed description given below and from the accompanying drawings of various embodi-
ments of the disclosure, which, however, should not be taken to limit the disclosure to the
specific embodiments, but are for explanation and understanding only.

[0005] FIG. 1 illustrates a schematic of a dual stack high voltage driver stage accord-
ing to some embodiments.

[0006] FIGs. 2A-2C illustrate schematics of over-voltage protection circuitries
(OPC), respectively, to prevent static and dynamic over-voltages, according to some embod-
iments.

[0007] FIG. 3 illustrates a plot showing comparison of the output waveforms of the
I/O cell at different times during a product’s lifetime, according to some embodiments.
[0008] FIG. 4 illustrates a plot showing drive current reduction of a cascode transis-

tor versus lifetime, according to some embodiments.
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[0009] FIG. § illustrates a plot showing waveforms of an nFET dual stack with and
without static over-voltage protection.

[00010] FIG. 6 illustrates a plot showing waveforms in the nFET stack during a high-
low transition of the output, according to some embodiments.

[00011] FIG. 7 illustrates a plot showing the effect of positive feedback and its pre-
vention using the over-voltage protection circuitry (OPC), according to some embodiments.
[00012] Error! Reference source not found. illustrates the output waveforms of a dual
stack I/O cell at different points during the product lifetime for different corners, according to
some embodiments.

[00013] FIG. 9 illustrates a smart device or a computer system or a SoC (System-on-
Chip) which includes an apparatus for over-voltage protection according to some embodi-
ments.

[0001] FIG. 10 illustrates a mobile computing platform and a data server machine

employing apparatus for over-voltage protection, in accordance with some embodiments.

DETAILED DESCRIPTION

[00014] Due to the intrinsic process robustness of planar technologies, countermeas-
ures at circuit level to prevent and limit maximum operating limits were not so critical in the
past. As process geometry for FinFET technology shrinks to 14nm or 10nm or 7nm, device
geometry is more susceptible to aging. Even moderate over-voltages on nodes of the circuits
lead to a failure for standard circuit topologies. Similar problems also exist for small geome-
try processes in SOI (Silicon-on-insulator) technologies.

[00015] One solution to overcome aging is to reduce the supply voltage to give more
headroom for operating voltages. However, reducing supply voltage circuits operation and
limits circuit driving capability, thereby leading to severe timing violations across chips.
[00016] Some embodiments of the current invention present a new methodology to
prevent static and dynamic over-voltages in stacked high voltage circuit topologies. One ben-
efit of the solution of some embodiments is that it keeps the design, area and power overhead
at a minimum. The embodiments are used to design robust high voltage circuits which fulfill
automotive/industrial customer requirements in highly scaled technologies which are usually
increasingly prone to reliability issues. For example, some embodiments are applied to a high
voltage 1/O circuit design to achieve a target lifetime of 10 years with 100 % activity. Such

aging mitigation is not possible with existing design solutions.
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[00017] One or more embodiments are described with reference to the enclosed fig-
ures. While specific configurations and arrangements are depicted and discussed in detail, it
should be understood that this is done for illustrative purposes only. Persons skilled in the
relevant art will recognize that other configurations and arrangements are possible without
departing from the spirit and scope of the description. It will be apparent to those skilled in
the relevant art that techniques and/or arrangements described herein may be employed in a
variety of other systems and applications other than what is described in detail herein.
[00018] Reference is made in the following detailed description to the accompanying
drawings, which form a part of and illustrate exemplary embodiments. Further, it is to be un-
derstood that other embodiments may be utilized and structural and/or logical changes may
be made without departing from the scope of claimed subject matter. It should also be noted
that directions and references, for example, up, down, top, bottom, and so on, may be used
merely to facilitate the description of features in the drawings. Therefore, the following de-
tailed description is not to be taken in a limiting sense and the scope of claimed subject mat-
ter is defined solely by the appended claims and their equivalents.

[00019] In the following description, numerous details are set forth. However, it will
be apparent to one skilled in the art, that the present invention may be practiced without these
specific details. In some instances, well-known methods and devices are shown in block dia-
gram form, rather than in detail, to avoid obscuring the present invention. Reference through-
out this specification to “an embodiment” or “one embodiment” or “some embodiments™
means that a particular feature, structure, function, or characteristic described in connection
with the embodiment is included in at least one embodiment of the invention. Thus, the ap-
pearances of the phrase “in an embodiment” or “in one embodiment” or “some embodi-
ments” in various places throughout this specification are not necessarily referring to the
same embodiment of the invention. Furthermore, the particular features, structures, functions,
or characteristics may be combined in any suitable manner in one or more embodiments. For
example, a first embodiment may be combined with a second embodiment anywhere the par-
ticular features, structures, functions, or characteristics associated with the two embodiments
are not mutually exclusive.

[00020] Note that in the corresponding drawings of the embodiments, signals are rep-
resented with lines. Some lines may be thicker, to indicate more constituent signal paths,
and/or have arrows at one or more ends, to indicate primary information flow direction. Such
indications are not intended to be limiting. Rather, the lines are used in connection with one

or more exemplary embodiments to facilitate easier understanding of a circuit or a logical
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unit. Any represented signal, as dictated by design needs or preferences, may actually com-
prise one or more signals that may travel in either direction and may be implemented with
any suitable type of signal scheme.

[00021] As used in the description and the appended claims, the singular forms “a”,
“an” and “the” are intended to include the plural forms as well, unless the context clearly in-
dicates otherwise. It will also be understood that the term “and/or” as used herein refers to
and encompasses any and all possible combinations of one or more of the associated listed
items.

[00022] The term “device” may generally refer to an apparatus according to the con-
text of the usage of that term. For example, a device may refer to a stack of layers or struc-
tures, a single structure or layer, a connection of various structures having active and/or pas-
sive elements, etc. Generally a device is a three dimensional structure with a plane along the
x-y direction and a height along the z direction of an x-y-z Cartesian coordinate system. The
plane of the device may also be the plane of an apparatus which comprises the device.
[00023] The terms “coupled” and “connected,” along with their derivatives, may be
used herein to describe functional or structural relationships between components. It should
be understood that these terms are not intended as synonyms for each other. Rather, in partic-
ular embodiments, “connected” may be used to indicate that two or more elements are in di-
rect physical, optical, or electrical contact with each other. “Coupled” may be used to indicat-
ed that two or more elements are in either direct or indirect (with other intervening elements
between them) physical or electrical contact with each other, and/or that the two or more el-
ements co-operate or interact with each other (e.g., as in a cause an effect relationship).
[00024] The terms “over,” “under,” “between,” and “on’ as used herein refer to a rela-
tive position of one component or material with respect to other components or materials
where such physical relationships are noteworthy. For example in the context of materials,
one material or material disposed over or under another may be directly in contact or may
have one or more intervening materials. Moreover, one material disposed between two mate-
rials may be directly in contact with the two layers or may have one or more intervening lay-
ers. In contrast, a first material “on” a second material is in direct contact with that second
material/material. Similar distinctions are to be made in the context of component assemblies.
[00025] The terms “left,” “right,” “front,” “back,” “top,” and “bottom” and the like in
the description and in the claims, if any, are used for descriptive purposes and not necessarily

for describing permanent relative positions.
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[00026] The term “adjacent” here generally refers to a position of a thing being next to
(e.g., immediately next to or close to with one or more things between them) or adjoining an-
other thing (e.g., abutting it).

[00027] The term "circuit" or “module” may refer to one or more passive and/or active
components that are arranged to cooperate with one another to provide a desired function.
[00028] The term "signal" may refer to at least one current signal, voltage signal, mag-

"o

netic signal, or data/clock signal. The meaning of "a," "an," and "the" include plural refer-
ences. The meaning of "in" includes "in" and "on."

[00029] The term “scaling” generally refers to converting a design (schematic and lay-
out) from one process technology to another process technology and subsequently being re-
duced in layout area. The term “scaling” generally also refers to downsizing layout and de-
vices within the same technology node. The term “scaling” may also refer to adjusting (e.g.,

slowing down or speeding up — i.e. scaling down, or scaling up respectively) of a signal fre-

quency relative to another parameter, for example, power supply level. The terms “substan-

LT LT e

tially,” “close,” “approximately,” “near,” and “about,” generally refer to being within +/-

10% of a target value.

LT

[00030] Unless otherwise specified the use of the ordinal adjectives “first,” “second,”
and “third,” etc., to describe a common object, merely indicate that different instances of like
objects are being referred to, and are not intended to imply that the objects so described must
be in a given sequence, either temporally, spatially, in ranking or in any other manner.
[00031] As used throughout this description, and in the claims, a list of items joined by
the term “at least one of”” or “one or more of ’ can mean any combination of the listed terms.
For example, the phrase “at least one of A, B or C” can mean A; B; C; A and B; A and C; B
and C; or A, B and C.

[00032] The term “between” may be employed in the context of the z-axis, x-axis or y-
axis of a device. A material that is between two other materials may be in contact with one or
both of those materials, or it may be separated from both of the other two materials by one or
more intervening materials. A material that is between two other materials may be in contact
with one or both of those materials, or it may be separated from both of the other two materi-
als by one or more intervening materials, either temporally, spatially, in ranking or connected

to one or both of those devices, or it may be separated from both of the other two devices by

one or more intervening devices.
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[00033] It is pointed out that those elements of the figures having the same reference
numbers (or names) as the elements of any other figure can operate or function in any manner
similar to that described, but are not limited to such.

[00034] FIG. 1 illustrates a schematic (100) of a dual stack high voltage circuit (sup-
ply voltage Vpppigh), comprising two input signal transistor N1 and Py and two cascode tran-
sistors N2 and P». It is assumed that the transistor junction voltages for any of the transistors
may not exceed a maximum voltage level Vmax to avoid excessive degradation of the device.
For example, Vmax = C x Vpp,low, Where Vppjow is the nominal supply voltage of the corre-
sponding transistor type and the constant factor C which is typically in the range 1.05 - 1.1.
[00035] The marked cascode transistors of a stacked circuit topology (N», P2) are often
subjected to over-voltages where the drain source voltage Vps of the cascode transistor ex-
ceeds Vmax. The cascode transistors can be damaged by two types of over-voltages, for ex-
ample: (1) static over-voltages and (2) dynamic over-voltages (e.g., transient spikes) as
shown by the inset in Fig. 1. Both types of over-voltages may lead to excessive transistor and
circuit degradation and may trigger transistor breakdown events (e.g., immediate failure of
corresponding circuit).

[00036] Static over-voltages appear on nodes if the signal transistor (N or P1) are
turned off and the entire voltage drop across an nFET or pFET stack is equal to Vbppigh, €.2.
Vbbohigh = 2 X Vpp,ow. Usually the voltage drop across the stack is slightly asymmetric so that
VDS of the cascode transistors (N2 or P2) can exceed Vmax.

[00037] Dynamic overshoots (e.g., transient peaks) appear if the signal transistors turn
from the off state to the on state to discharge (through the nFET stack) or charge (through the
PFET stack) the output node. Since the capacitive load Cy at the circuit output is usually sig-
nificantly larger than the capacitance at the intermediate nodes (Y, Yp) of a transistor stack,
the intermediate nodes are discharged (through the nFET stack) / charged (through the pFET
stack) at a higher rate than output node. In other words, the voltage or charge on the source of
the cascode transistors are discharged/charged at a higher rate than the corresponding drain,
resulting in a transient overshoot of the drain source voltage Vps for the duration of the dis-
charging/charging of the output.

[00038] FIG. 2A illustrates a schematic (200A) of an over-voltage protection circuitry
(OPC) to prevent static and dynamic over-voltages, according to some embodiments of cur-
rent invention. In some embodiments, the over-voltage protection circuitry (OPC) is coupled
to a dual stack high voltage circuit (e.g., supply voltage Vpphign), comprising two input signal

transistors N1 and P; and two cascode transistors N> and P»>. In some embodiments, the over-



WO 2020/005451 PCT/US2019/034455

voltage protection circuitry (OPC) comprises of two sub-circuitries which in combination
grant reliable operation of the circuit stack. The two sub-circuitries are: an additional protec-
tion transistor Np to avoid static over-voltages; and an additional coupling capacitor Cc to
avoid dynamic over-voltages. In some embodiments, transistor Np is connected between the
intermediate node Y, and the DC bias voltage Vuias,N, where the gate of transistor Np is con-
nected to the output node. If the signal transistor (N1) is turned off and the output is pulled
high, then transistor Np is turned on and charges node Y, to a well-defined DC bias voltage
Viias,N < Vmax. By charging the node Y, to a well-defined DC voltage, the voltage drop across
the transistor stack can be made symmetrical, thereby avoiding over-voltages at the cascode
transistor No.

[00039] In some embodiments, a capacitive device CC is connected between the gate
of the signal transistor (N1) and the gate of the cascode transistor (N2). If the signal transistor
is turned on, the capacitive coupling through capacitive device CC increases the gate voltage
of the cascode transistor N2. This results in an increased overdrive voltage of transistor N2
which in turn allows transistor N2 to discharge the output node at a faster rate, similar to the
discharge rate of the intermediate node Yn. Discharging the drain and source of the cascode
transistor N2 at a similar rate finally avoids transient VDS overshoots at the cascode transis-
tor N2. The additional transmission gate is used to isolate the gate of transistor N2 from the
low resistance source DC Vbias,N.

[00040] In some embodiments, the capacitive device C. is implemented as a transistor
configured as a capacitor. In some embodiments, capacitive device C. is implemented as a
metal capacitor. In some embodiments, the capacitive device C. is implemented as an MIM
device (metal-insulator-metal device). In some embodiments, the capacitive device C. is im-
plemented as any combination of transistor, metal, or MIM device(s).

[00041] In some embodiments, the dual stack high voltage circuit 200A comprises a
first power supply rail to provide a first power supply; for example the supply voltage
Vbbuigh in Fig. 2A. In some embodiments, the dual stack high voltage circuit 200A comprises
a second power supply rail to provide a second power supply, wherein the first power supply
is higher than the second power supply; for example Vpp.ow in Fig. 2A. In some embodi-
ments, the dual stack high voltage circuit 200A comprises a first stack of transistors of a same
conductivity type, the first stack including a first transistor and a second transistor coupled in
series and having a first common node Y, wherein the first transistor is coupled to the first

power supply rail; for example transistors N1 and N> in Fig. 2A.
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[00042] In some embodiments, the dual stack high voltage circuit 200A comprises a
second stack of transistors of an opposite conductivity type to the first stack of transistors, the
second stack including a third transistor and a fourth transistor (for example transistors N
and N2 in Fig. 2A, respectively, wherein the third transistor is N2) is coupled in series and has
a second common node Y., wherein the second stack of transistor is coupled in series to the
first stack of transistors and has a third common node “output”, wherein a gate terminal of the
third transistor is coupled to a circuitry which is coupled to the second power supply rail (for
example Vppow). In some embodiments, the dual stack high voltage circuit 200A comprises
a feedback transistor N, of a same conductivity type of the third transistor coupled to the sec-
ond common node Y, and a gate terminal of the third transistor of the second stack; for ex-
ample transistor N, in Fig. 2A. In some embodiments, the feedback transistor includes a gate
terminal which is coupled to the third common node “output”; for example gate terminal of
transistor Np coupled to the third common node “output” in Fig. 2A. In some embodiments,
the gate terminal of the third transistor, and a gate terminal of the fourth transistor are con-
trollable by two separate control nodes; for example gate terminals of transistors N1 and Na.
[00043] In some embodiments, the gate terminal of the third transistor is coupled to a
second power rail via a pass-gate (e.g., transmission-gate) circuitry. For example, the gate
terminal of transistor Nz is coupled to Vpp,ow Vvia the pass-gate circuitry (e.g., transmission-
gate) TG in Fig. 2A. In some embodiments, the pass-gate circuitry TG includes transistors Pg
and Ng. The usage of transmission gates is a specific implementation of a series resistor. In
some embodiments, each gate terminal of transistor Nz is coupled to the corresponding bias
voltages Vpias N via a series resistor. In some embodiments, a gate terminal of a first transistor
P; is coupled to an input voltage, and a gate terminal of the second transistor P> is coupled to
a bias voltage; for example the gate terminal of transistor P; is coupled to Vi, p and the gate
terminal of transistor Pz is coupled to Viias,p. In some embodiments, the feedback transistor N,
is smaller in size than the third transistor. For example, transistor N, is smaller in size than
transistor Nz. In some embodiments the feedback transistor Nj is an n-type transistor. In some
embodiments, the circuitry comprises a capacitor which is coupled with the gate of the third
transistor N> and the gate of the fourth transistor N1, for example capacitor Cc in Fig. 2A. In
some embodiments, the size of the capacitor C. is proportional to a size of the third transistor
N>. In some embodiments, the capacitor C. could be formed by a series of capacitors coupled
in series and/or in parallel.

[00044] FIG. 2B illustrates a schematic (200B) of an over-voltage protection circuitry

(OPC) to prevent static and dynamic over-voltages, according to some embodiments of cur-
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rent invention. The embodiment of FIG. 2B is similar to FIG. 2A, except for the feedback
transistors Np; and Np2. Similar to the dual stack high voltage circuit 2004, the dual stack
high voltage circuit 200B comprises a first power supply rail to provide a first power supply;
for example the supply voltage Vopuign in Fig. 2B, and the dual stack high voltage circuit
200B comprises a second power supply rail to provide a second power supply, wherein the
first power supply is higher than the second power supply; for example Vpp,ow in Fig. 2B.
Similarly, in some embodiments, the dual stack high voltage circuit 200B comprises a first
stack of transistors of a same conductivity type, including a first transistor and a second tran-
sistor coupled in series; for example transistors N; and N> in Fig. 2B.

[00045] In some embodiments the dual stack high voltage circuit comprises a second
stack of transistors of an opposite conductivity type to the first stack of transistors, the second
stack including a third transistor and a fourth transistor (for example transistors N1 and N> in
Fig. 2B. In some embodiments the dual stack high voltage circuit comprises one or more
feedback transistors coupled in series and of the same conductivity type of the third transistor
coupled to a second common node Yy and a gate terminal of the third transistor of the second
stack; for example transistor Np; and Npz in Fig. 2B. In some embodiments, the feedback
transistors include a gate terminal which are coupled to a third common node “output™; for
example gate terminal of transistor Np1 and Np2 are coupled to the third common node “out-
put” in Fig. 2B. In some embodiments, the gate terminal of the third transistor, and a gate
terminal of the fourth transistor are controllable by two separate control nodes; for example
gate terminals of transistor N> and transistor Nj.

[00046] In some embodiments, the feedback transistors are smaller in size than the
third transistor. For example, transistors Np; and Np; are smaller in size than transistor N». In
some embodiments the feedback transistors (for example Np; and Np;) are an n-type transis-
tor. In some embodiments, the circuitry comprises a capacitor which is coupled with the gate
of the third transistor and the gate of the fourth transistor, for example capacitor Cc in Fig.
2B. In some embodiments, the size of the capacitor is proportional to a size of the third tran-
sistor, for example the size of the capacitor Cc is proportional to the size of transistor N> in
Fig. 2B. In some embodiments the capacitor Cc could be formed by a series of capacitors
coupled in series and/or in parallel.

[00047] FIG. 2C illustrates a schematic (200C) of an over-voltage protection circuitry
(OPC) to prevent static and dynamic over-voltages, according to some embodiments of the
current invention. In some embodiments, the dual stack high voltage circuit 200C comprises

a dual stack high voltage driver, wherein the dual stack voltage driver comprises a first stack



WO 2020/005451 PCT/US2019/034455

of transistors, and a second stack of transistors. In some embodiments, the number of transis-
tors in each stack is “k” which is an integer equal to or larger than 2. For example the first
stack comprises of transistors P1, P> to Py, and the second stack comprises of transistors Ni,
N2 to Nk.

[00048] In some embodiments, the dual stack high voltage circuit 200C comprises one
or more feedback transistors each coupled to a transistor of the second stack of transistors.
For example, the transistor Np x is coupled to transistor Ny, and transistor Np_» is coupled to
transistor N»>. In some embodiments, the number of transistors in the second stack is more
than two, and one or more feedback transistors is each coupled to a transistor in the second
stack. In some embodiments, the first stack of transistors, and the second stack of transistors
are coupled at a common node, shown for example as node “output” in Fig. 2C.

[00049] In some embodiments, each second stack transistor and its adjacent second
stack transistor are coupled at a first common node, and wherein the feedback transistor cou-
pled to the second stack transistor includes a gate terminal which is coupled to the first com-
mon node. For example the gate terminal of feedback transistor Np_x is coupled to the com-
mon node “output” between the two stacks, and the gate terminal of feedback transistor Np_»
is coupled to a first common node Y,_3 in Fig. 2C. In some embodiments, each feedback
transistor is coupled to the gate of a second stack transistor, and is coupled to a second com-
mon node of the second stack transistor. For example, feedback transistor N, _x is coupled to
common node Y, x and the gate of second stack transistor Ny, and the gate terminal of feed-
back transistor Ny, » is coupled to a second common node Y,_ in Fig. 2C. In some embodi-
ments, each of the gate terminals of the transistors of the second stack of transistors are con-
trolled by a separate control node. In some embodiments, one or more of the gate terminals of
the transistors of the second stack of transistors are coupled to a separate power rail via a
pass-gate circuitry, for example power rails Vpp_kiow and Vpp_2 0w, and pass-gate circuitry
(i.e. transmission-gate) TGy and TG». In some embodiments the pass-gate circuitry TG2 and
TGy include transistors Paz, N2 and Pk, Nek respectively. The usage of transmission gates is
a specific implementation of a series resistor. In some embodiments, each gate terminal of a
second stack transistor Nk is coupled to the corresponding bias voltages Veias_kN via a series
resistor.

[00050] In some embodiments, each feedback transistor is smaller in size than the sec-
ond stack transistor to which it is coupled. In some embodiments, the feedback transistors are
an n-type transistor. In some embodiments, the dual stack high voltage driver includes one or

more capacitors, wherein each capacitor is coupled with the gate of a second stack transistor,
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and the gate of the signal transistor Ny, for example capacitor Cc_x, is coupled with the gate of
transistor Ny and the gate of transistor N in Fig. 2C. In some embodiments, the size of capac-
itor Cc_x is proportional to the size of the second stack transistor to which it is coupled. For
example the size of capacitor Cc_x is proportional to the size of transistor Nx in Fig. 2C. In
some embodiments the capacitor C._x could be formed by a series of capacitors coupled in
series and/or in parallel.

[00051] FIG. 3 illustrates plot 300 showing comparison of the output waveforms of
the I/O cell at different times during the product lifetime, according to some embodiments. In
case of the state of the art (STA) solution, transient overshoots at transistor N» lead to an ex-
tensive aging of the nMOS pull down path and therefore considerably increase the fall time
of the output (top plot 302). Already after 2 years — i.e. after only 20% of the target product
lifetime -- the degradation of the fall time is so high, that the output signal does not reach the
VSS level until the end of one clock cycle (top plot 302). In other words, aging leads to a
functional failure (circuit malfunction) after a short time. This can be avoided by employing
the over-voltage protection embodiments of the current invention. As the waveforms in FIG.
3 (bottom plot 304) show, with over-voltage protection methods according to embodiments
of the current invention, the degradation of the output falling edge reduces significantly. Even
after 10 years of continuous operation, there is hardly a degradation of the output’s falling
edge and the circuit is still working correctly (bottom plot 304).

[00052] FIG. 4 illustrates plot 400 showing the drive current reduction of the cascode
transistor N2 versus lifetime, according to some embodiments. To prevent irreversible break-
down mechanisms triggered by aging, there is usually an upper limit for the maximum al-
lowed drive current reduction, e.g., 30% as in the shown example. It can be seen that with a
state-of-the-art (STA) solution, it would be less than two years. Employing a static over-
voltage protection already improves the current degradation and lifetime, but does not solve
the entire problem. Using only a dynamic over-voltage protection significantly reduces deg-
radation and allows a lifetime of almost 8 years, while the 10 year lifetime goal is still not
met. In some embodiments, if both solutions (static and dynamic) are combined, the goal of a
10 year lifetime can be met. With the combined solution the current degradation after 10
years is merely 16% in this example.

[00053] Table 1 summarizes and compares the performance of the state-of-the art so-
lution with the proposed solution.

Table 1

| Parameter | State-of-the-art solution | OPC solution
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Circuit Lifetime < 2 years > 10 years
Current degradation @ 10 | 100% 16%
years
Area impact 0 +2.5%
Delay 0 -5.0%
[00054] FIG. § illustrates plot 500 showing waveforms of nFET dual stack without

(504) and with static over-voltage protection (506). If the signal transistor N is turned off,
the output is pulled high and the voltage drop across the two transistors N1 and N2 is Vpphigh.
Without the over-voltage protection transistor Np, an asymmetric voltage drop across the
stack can lead to a static over-voltage across N» (504), where Vpsn2 > Vmax . When this static
over-voltage appears, transistor Nz is actually off. In older technologies, the degradation dur-
ing the off-state was negligible, i.e. transistors could handle higher voltages > Vyax (510) in
the off-state. However, in new (FinFET) technologies the off-state degradation is no longer
negligible which requires additional solutions. Inserting the additional protection transistor
NP avoids the static over-voltages as Error! Reference source not found. shows (506). With
the fix, transistor Np is turned on whenever the input of the circuit is low (502) and the output
is pulled high (508). If transistor Np is turned on, node Y, is charged to a well-defined volt-
age through Np. Charging Y, to a well-defined voltage results in a symmetric voltage drop
across the transistor stack so that Vpsnz (506) does no longer exceed Vmax (510).

[00055] FIG. 6 illustrates plot 600 showing the waveforms in the nFET stack during a
high-low transition of the output, according to some embodiments. Without a transient over-
voltage protection, the drain-source voltage of transistor N>, Vpsn2 (610) can exceed the Viyax
limit (614) significantly by a few hundred mV. One root cause for this transient overshoot is
the unbalanced discharge rate of the output node and the intermediate note Y. If the signal
transistor N1 is turned on, node Y, (source of transistor N2) is usually quickly discharged by
transistor N1. Contrary to that, the discharging of the output node (drain of transistor N2) is
typically much slower due to the large load capacitance which is usually present at the output
node. Discharging the source of transistor N2 faster than the drain finally results in the transi-
ent overshoot of Vpsn2 (610) and undershoot of Vgsna (608). In some embodiments, the
overshoot (610) can be completely removed by transient over-voltage protection circuitry
(OPC) comprising the coupling capacitor Cc. If the input signal Vi, (602) switches from high
to low, the coupling through coupling capacitor Cc increases the gate voltage of transistor No,
resulting in an increased gate-source voltage Vasnz (604) as shown by the graphs in Error!

Reference source not found.. Due to the higher Vgs N2, transistor N2 is able to discharge the
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output node now at a higher rate, similar to the discharge rate of node Yu, thereby avoiding
transient peaks of Vpsn2 (606).

[00056] FIG. 7 illustrates plot 700 showing the effect of positive feedback and its pre-
vention using the over-voltage protection circuitry (OPC) according to some embodiments.
One benefit of the embodiments of the current invention’s over-voltage protection circuitry is
that it prevents the so-called positive feedback aging. The term positive feedback aging de-
scribes the effect that due to aging the voltages between transistor junctions steadily increase
during operation and therefore accelerates device degradation and circuit malfunctions.
Stacked circuit topologies are particularly susceptible to positive feedback aging. The current
through a stacked circuit configuration is (to a first order) merely determined by the signal
transistor N1, where the voltages at the cascode transistor N> adjust themselves accordingly.
Any kind of over-voltage at transistor N2 results in a degradation of the threshold voltage and
conductivity of transistor N», while the current through N> (determined by N) remains al-
most constant. In order to compensate the degradation of transistor N», the drain-source volt-
age Vpsnz now has to increase. However, this increase in Vpsn2 further accelerates the deg-
radation of transistor N; which will in turn cause a further rise of Vpsn2. Hence, the over-
voltages at N> will continuously increase during circuit operation, causing a highly accelerat-
ed degradation of transistor N». The first subplot (702) shows the drain-source voltage of the
cascode transistor N2 without over-voltage protection at different times. Due to positive feed-
back aging, the amplitude of the spike increases significantly by a few hundred mV over time
which is a major root cause for the ultra-fast failure of the circuits. The second subplot (704)
shows the drain-source voltage of N2 employing over-voltage protection schemes according
to embodiments of the current invention. The amplitude of Vps N> remains constant over the
entire lifetime, avoiding the positive feedback aging effect.

[00057] Error! Reference source not found. illustrates plot 800 showing the output
waveforms of a dual stack I/0O cell at different points during the product lifetime for different
corners, according to some embodiments. The aging impact on the I/O cell has been illustrat-
edat0,1,2,3, ..., 10 years. It can be seen that the state of the art (STA) solution does not
meet the 10 year lifetime criteria, fails are observed after 2/1/4 years for the nomi-
nal/slow/fast corner (subplot 802). With the over-voltage protection circuit (OPC) of some
embodiments, the 1/O pad is fully functional even after 10 years of continuous operation,
across all corners (subplot 804).

[00058] FIG. 9 illustrates a system 900 in which a mobile computing platform 905

and/or a data server machine 906 employs circuitry including at least one apparatus for over-
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voltage protection, for example in accordance with some embodiments described elsewhere
herein. The server machine 906 may be any commercial server, for example including any
number of high-performance computing platforms disposed within a rack and networked to-
gether for electronic data processing, which in the exemplary embodiment includes a circuit-
ry 950. The mobile computing platform 905 may be any portable device configured for each
of electronic data display, electronic data processing, wireless electronic data transmission, or
the like. For example, the mobile computing platform 905 may be any of a tablet, a smart
phone, laptop computer, etc., and may include a display screen (e.g., a capacitive, inductive,
resistive, or optical touchscreen), a chip-level or package-level integrated system 910, and a
battery 915.

[00059] Whether disposed within the integrated system 910 illustrated in the expanded
view 920, or as a stand-alone discrete or packaged multi-chip module within the server ma-
chine 906, the circuit includes at least one apparatus for over-voltage protection, for example
in accordance with some embodiments described elsewhere herein. Circuitry 950 may be fur-
ther attached to a board, a substrate, or an interposer 960 along with a power management
integrated circuit (PMIC). Functionally, PMIC 930 may perform battery power regulation,
DC-to-DC conversion, etc., and so has an input coupled to battery 915 and with an output
providing a current supply to other functional modules.

[00060] Circuitry 950, in some embodiments, includes RF (wireless) integrated circuit-
ry (RFIC) further including a wideband RF (wireless) transmitter and/or receiver (TX/RX
including a digital baseband and an analog front end module comprising a power amplifier on
a transmit path and a low noise amplifier on a receive path). The RFIC includes at least one
apparatus for over-voltage protection, for example in an over-voltage protection circuit as
describe elsewhere herein. The RFIC has an output coupled to an antenna (not shown) to im-
plement any of a number of wireless standards or protocols, including but not limited to Wi-
Fi (IEEE 802.11 family), WiMAX (IEEE 802.16 family), IEEE 802.20, long term evolution
(LTE), Ev-DO, HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, DECT,
Bluetooth, derivatives thereof, as well as any other wireless protocols that are designated as
3G, 4G, 5G, and beyond.

[00061] While certain features set forth herein have been described with reference to
various implementations, this description is not intended to be construed in a limiting sense.
Hence, various modifications of the implementations described herein, as well as other im-
plementations, which are apparent to persons skilled in the art to which the present disclosure

pertains are deemed to lie within the spirit and scope of the present disclosure.
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[00062] It will be recognized that the invention is not limited to the embodiments so
described, but can be practiced with modification and alteration without departing from the
scope of the appended claims. For example the above embodiments may include specific
combinations of features as further provided in examples below.

[00063] Fig. 10 illustrates a smart device or a computer system or a SoC (System-on-
Chip) with aging tolerant apparatus, according to some embodiments of the disclosure. It is
pointed out that those elements of Fig. 10 having the same reference numbers (or names) as
the elements of any other figure can operate or function in any manner similar to that de-
scribed, but are not limited to such.

[00064] Fig. 10 illustrates a block diagram of an embodiment of a mobile device in
which flat surface interface connectors could be used. In some embodiments, computing de-
vice 1600 represents a mobile computing device, such as a computing tablet, a mobile phone
or smart-phone, a wireless-enabled e-reader, or other wireless mobile device. It will be un-
derstood that certain components are shown generally, and not all components of such a de-
vice are shown in computing device 1600.

[00065] In some embodiments, computing device 1600 includes first processor 1610
with apparatus for over-voltage protection, according to some embodiments discussed. Other
blocks of the computing device 1600 may also include device 300, apparatus for over-voltage
protection, according to some embodiments. The various embodiments of the present disclo-
sure may also comprise a network interface within 1670 such as a wireless interface so that a
system embodiment may be incorporated into a wireless device, for example, cell phone or
personal digital assistant.

[00066] In some embodiments, processor 1610 can include one or more physical de-
vices, such as microprocessors, application processors, microcontrollers, programmable logic
devices, or other processing means. The processing operations performed by processor 1610
include the execution of an operating platform or operating system on which applications
and/or device functions are executed. The processing operations include operations related to
I/O (input/output) with a human user or with other devices, operations related to power man-
agement, and/or operations related to connecting the computing device 1600 to another de-
vice. The processing operations may also include operations related to audio I/O and/or dis-
play I/O.

[00067] In some embodiments, computing device 1600 includes audio subsystem
1620, which represents hardware (e.g., audio hardware and audio circuits) and software (e.g.,

drivers, codecs) components associated with providing audio functions to the computing de-

15



WO 2020/005451 PCT/US2019/034455

vice. Audio functions can include speaker and/or headphone output, as well as microphone
input. Devices for such functions can be integrated into computing device 1600, or connected
to the computing device 1600. In one embodiment, a user interacts with the computing device
1600 by providing audio commands that are received and processed by processor 1610.
[00068] In some embodiments, computing device 1600 comprises display subsystem
1630. Display subsystem 1630 represents hardware (e.g., display devices) and software (e.g.,
drivers) components that provide a visual and/or tactile display for a user to interact with the
computing device 1600. Display subsystem 1630 includes display interface 1632, which in-
cludes the particular screen or hardware device used to provide a display to a user. In one
embodiment, display interface 1632 includes logic separate from processor 1610 to perform
at least some processing related to the display. In one embodiment, display subsystem 1630
includes a touch screen (or touch pad) device that provides both output and input to a user.
[00069] In some embodiments, computing device 1600 comprises 1/O controller 1640.
I/O controller 1640 represents hardware devices and software components related to interac-
tion with a user. I/O controller 1640 is operable to manage hardware that is part of audio sub-
system 1620 and/or display subsystem 1630. Additionally, I/O controller 1640 illustrates a
connection point for additional devices that connect to computing device 1600 through which
a user might interact with the system. For example, devices that can be attached to the com-
puting device 1600 might include microphone devices, speaker or stereo systems, video sys-
tems or other display devices, keyboard or keypad devices, or other I/O devices for use with
specific applications such as card readers or other devices.

[00070] As mentioned above, I/O controller 1640 can interact with audio subsystem
1620 and/or display subsystem 1630. For example, input through a microphone or other au-
dio device can provide input or commands for one or more applications or functions of the
computing device 1600. Additionally, audio output can be provided instead of, or in addition
to display output. In another example, if display subsystem 1630 includes a touch screen, the
display device also acts as an input device, which can be at least partially managed by I/O
controller 1640. There can also be additional buttons or switches on the computing device
1600 to provide I/O functions managed by I/O controller 1640.

[00071] In some embodiments, I/O controller 1640 manages devices such as accel-
erometers, cameras, light sensors or other environmental sensors, or other hardware that can
be included in the computing device 1600. The input can be part of direct user interaction, as

well as providing environmental input to the system to influence its operations (such as filter-
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ing for noise, adjusting displays for brightness detection, applying a flash for a camera, or
other features).

[00072] In some embodiments, computing device 1600 includes power management
1650 that manages battery power usage, charging of the battery, and features related to power
saving operation. Memory subsystem 1660 includes memory devices for storing information
in computing device 1600. Memory can include nonvolatile (state does not change if power
to the memory device is interrupted) and/or volatile (state is indeterminate if power to the
memory device is interrupted) memory devices. Memory subsystem 1660 can store applica-
tion data, user data, music, photos, documents, or other data, as well as system data (whether
long-term or temporary) related to the execution of the applications and functions of the
computing device 1600.

[00073] Elements of embodiments are also provided as a machine-readable medium
(e.g., memory 1660) for storing the computer-executable instructions (e.g., instructions to
implement any other processes discussed herein). The machine-readable medium (e.g.,
memory 1660) may include, but is not limited to, flash memory, optical disks, CD-ROMs,
DVD ROMs, RAMs, EPROMs, EEPROMs, magnetic or optical cards, phase change memory
(PCM), or other types of machine-readable media suitable for storing electronic or computer-
executable instructions. For example, embodiments of the disclosure may be downloaded as a
computer program (e.g., BIOS) which may be transferred from a remote computer (e.g., a
server) to a requesting computer (e.g., a client) by way of data signals via a communication
link (e.g., a modem or network connection).

[00074] In some embodiments, computing device 1600 comprises connectivity 1670.
Connectivity 1670 includes hardware devices (e.g., wireless and/or wired connectors and
communication hardware) and software components (e.g., drivers, protocol stacks) to enable
the computing device 1600 to communicate with external devices. The computing device
1600 could be separate devices, such as other computing devices, wireless access points or
base stations, as well as peripherals such as headsets, printers, or other devices.

[00075] Connectivity 1670 can include multiple different types of connectivity. To
generalize, the computing device 1600 is illustrated with cellular connectivity 1672 and wire-
less connectivity 1674. Cellular connectivity 1672 refers generally to cellular network con-
nectivity provided by wireless carriers, such as provided via GSM (global system for mobile
communications) or variations or derivatives, CDMA (code division multiple access) or vari-
ations or derivatives, TDM (time division multiplexing) or variations or derivatives, or other

cellular service standards. Wireless connectivity (or wireless interface) 1674 refers to wire-
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less connectivity that is not cellular, and can include personal area networks (such as Blue-
tooth, Near Field, etc.), local area networks (such as Wi-Fi), and/or wide area networks (such
as WiMax), or other wireless communication.

[00076] In some embodiments, computing device 1600 comprises peripheral connec-
tions 168(). Peripheral connections 1680 include hardware interfaces and connectors, as well
as software components (e.g., drivers, protocol stacks) to make peripheral connections. It will
be understood that the computing device 1600 could both be a peripheral device ("to" 1682)
to other computing devices, as well as have peripheral devices ("from" 1684) connected to it.
The computing device 1600 commonly has a "docking” connector to connect to other compu-
ting devices for purposes such as managing (e.g., downloading and/or uploading, changing,
synchronizing) content on computing device 1600. Additionally, a docking connector can
allow computing device 1600 to connect to certain peripherals that allow the computing de-
vice 1600 to control content output, for example, to audiovisual or other systems.

[00077] In addition to a proprietary docking connector or other proprietary connection
hardware, the computing device 1600 can make peripheral connections 1680 via common or
standards-based connectors. Common types can include a Universal Serial Bus (USB) con-
nector (which can include any of a number of different hardware interfaces), DisplayPort in-
cluding MiniDisplayPort (MDP), High Definition Multimedia Interface (HDMI), Firewire, or
other types.

"o "o

[00078] Reference in the specification to "an embodiment," "one embodiment,” "some
embodiments," or "other embodiments" means that a particular feature, structure, or charac-
teristic described in connection with the embodiments is included in at least some embodi-
ments, but not necessarily all embodiments. The various appearances of "an embodiment,"
"one embodiment," or "some embodiments" are not necessarily all referring to the same em-
bodiments. If the specification states a component, feature, structure, or characteristic "may,"
"might,"” or "could" be included, that particular component, feature, structure, or characteris-
tic is not required to be included. If the specification or claim refers to "a" or "an" element,
that does not mean there is only one of the elements. If the specification or claims refer to "an
additional” element, that does not preclude there being more than one of the additional ele-
ment.

[00079] Furthermore, the particular features, structures, functions, or characteristics

may be combined in any suitable manner in one or more embodiments. For example, a first

embodiment may be combined with a second embodiment anywhere the particular features,
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structures, functions, or characteristics associated with the two embodiments are not mutually
exclusive.

[00080] While the disclosure has been described in conjunction with specific embodi-
ments thereof, many alternatives, modifications and variations of such embodiments will be
apparent to those of ordinary skill in the art in light of the foregoing description. The embod-
iments of the disclosure are intended to embrace all such alternatives, modifications, and var-
iations as to fall within the broad scope of the appended claims.

[00081] In addition, well known power/ground connections to integrated circuit (IC)
chips and other components may or may not be shown within the presented figures, for sim-
plicity of illustration and discussion, and so as not to obscure the disclosure. Further, ar-
rangements may be shown in block diagram form in order to avoid obscuring the disclosure,
and also in view of the fact that specifics with respect to implementation of such block dia-
gram arrangements are highly dependent upon the platform within which the present disclo-
sure is to be implemented (i.e., such specifics should be well within purview of one skilled in
the art). Where specific details (e.g., circuits) are set forth in order to describe example em-
bodiments of the disclosure, it should be apparent to one skilled in the art that the disclosure
can be practiced without, or with variation of, these specific details. The description is thus to
be regarded as illustrative instead of limiting.

[00082] The following examples pertain to further embodiments. Specifics in the ex-
amples may be used anywhere in one or more embodiments. All optional features of the ap-

paratus described herein may also be implemented with respect to a method or process.

[00083] Example 1. In one example, an apparatus is provided comprising: An appa-
ratus comprising: a first power supply rail to provide a first power supply; a second power
supply rail to provide a second power supply, wherein the first power supply is higher than
the second power supply; a first stack of transistors of a same conductivity type, the first
stack including a first transistor and a second transistor coupled in series and having a first
common node, wherein the first transistor is coupled to the first power supply rail; a second
stack of transistors of an opposite conductivity type to the first stack of transistors, the second
stack including a third transistor and a fourth transistor coupled in series and having a second
common node, wherein the second stack of transistor is coupled in series to the first stack of
transistors and having a third common node, wherein a gate terminal of the third transistor is

coupled to a circuitry which is coupled to the second power supply rail; and a feedback tran-
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sistor of a same conductivity type of the third transistor coupled to the second common node
and a gate terminal of the third transistor of the second stack.

[00084] Example 2. The apparatus of Example 1, wherein the feedback transistor in-
cludes a gate terminal which is coupled to the third common node.

[00085] Example 3. The apparatus of Example 1-2, wherein the gate terminal of the
third transistor, and a gate terminal of the fourth transistor are controllable by two separate
control nodes.

[00086] Example 4. The apparatus of Example 1-3, wherein the gate terminal of the
third transistor is coupled to a second power rail via a pass-gate circuitry.

[00087] Example 5. The apparatus of Example 1-4, wherein a gate terminal of a first
transistor is coupled to an input voltage, and a gate terminal of the second transistor is couple
to a bias voltage.

[00088] Example 6. The apparatus of Example 1-5, wherein the feedback transistor is
smaller in size than the third transistor.

[00089] Example 7. The apparatus of Example 1-6, wherein the feedback transistor is
an n-type transistor.

[00090] Example 8. The apparatus of Example 1-7 further comprising a capacitor
which is coupled with the gate of the third transistor and the gate of the fourth transistor.
[00091] Example 9. The apparatus of Example 1-8, wherein a size of the capacitor is
proportional to a size of the third transistor.

[00092] Example 10. In one example, a system is provided comprising: a memory; a
processor coupled to the memory, the processor including: a first power supply rail to provide
a first power supply; a second power supply rail to provide a second power supply, wherein
the first power supply is higher than the second power supply; a first stack of transistors of a
same conductivity type, the first stack including a first transistor and a second transistor cou-
pled in series and having a first common node, wherein the first transistor is coupled to the
first power supply rail; a second stack of transistors of an opposite conductivity type to the
first stack of transistors, the second stack including a third transistor and a fourth transistor
coupled in series and having a second common node, wherein the second stack of transistor is
coupled in series to the first stack of transistors and having a third common node, wherein a
gate terminal of the third transistor is coupled to a circuitry which is coupled to the second
power supply rail; and a feedback transistor of a same conductivity type of the third transistor
coupled to the second common node and a gate terminal of the third transistor of the second

stack.
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[00093] Example 11. The system of Example 10, wherein the feedback transistor in-
cludes a gate terminal which is coupled to the third common node.

[00094] Example 12. The system of Example 10-11, wherein the gate terminal of the
third transistor, and a gate terminal of the fourth transistor are controllable by two separate
control nodes.

[00095] Example 13. The system of claim 10-12, wherein the gate terminal of the third
transistor is coupled to a second power rail via a pass-gate circuitry.

[00096] Example 14. The system of claim 10-13, wherein a gate terminal of a first
transistor is coupled to an input voltage, and a gate terminal of the second transistor is couple
to a bias voltage.

[00097] Example 15. The system of Example 10-14, wherein the feedback transistor is
smaller in size than the third transistor.

[00098] Example 16. The system of Example 10-15, wherein the feedback transistor is
an n-type transistor.

[00099] Example 17. The system of Example 10-16, wherein the processor includes a
capacitor, wherein the capacitor is coupled with the gate of the third transistor.

[000100] Example 18. The system of Example 10-17, wherein the capacitor size is pro-
portional to the size of the third transistor.

[000101] Example 19. In one example, an apparatus is provided comprising: a dual
stack high voltage driver, wherein the dual stack voltage driver comprises of a first stack of
transistors, and a second stack of transistors, wherein the second stack of transistor is coupled
in series to the first stack of transistors; and one or more feedback transistors each coupled to
a transistor of the second stack of transistors.

[000102] Example 20. The apparatus of Example 19, wherein each second stack transis-
tor and its adjacent second stack transistor are coupled at a first common node, and wherein
the feedback transistor coupled to the second stack transistor includes a gate terminal which
is coupled to the first common node.

[000103] Example 21.The apparatus of Example 19-20, wherein each feedback transis-
tor is coupled to the gate of a second stack transistor, and is coupled to a second common
node of the second stack transistor.

[000104] Example 22.The apparatus of Example 19-21, wherein each of the gate termi-
nals of the transistors of the second stack of transistors are controlled by a separate control

node.
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[000105] Example 23.The apparatus of Example 19-22, wherein each of the gate termi-
nals of the transistors of the second stack of transistors are coupled to a separate power rail
via a pass-gate circuitry.

[000106] Example 24.The apparatus of Example 19-23, wherein each feedback transis-
tor of the one or more feedback transistors is smaller in size than the second stack transistor
to which it is coupled.

[000107] Example 25.The apparatus of Example 19-24, wherein the one or more feed-
back transistors comprise one or more n-type transistors.

[000108] Example 26.The apparatus of Example 19-25, wherein the dual stack high
voltage driver includes one or more capacitors, wherein each capacitor of the one or more
capacitors is coupled with the gate of a second stack transistor.

[000109] Example 27.The apparatus of Example 19-26, wherein the capacitor size is
proportional to the size of the second stack transistor to which it is coupled.

[000110] However, the above embodiments are not limited in this regard and, in various
implementations, the above embodiments may include the undertaking only a subset of such
features, undertaking a different order of such features, undertaking a different combination
of such features, and/or undertaking additional features than those features explicitly listed.
The scope of the invention should, therefore, be determined with reference to the appended

claims, along with the full scope of equivalents to which such claims are entitled.
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CLAIMS

What is claimed is:

1.

An apparatus comprising:

a first power supply rail to provide a first power supply;

a second power supply rail to provide a second power supply, wherein the first power
supply is higher than the second power supply;

a first stack of transistors of a same conductivity type, the first stack including a first
transistor and a second transistor coupled in series and having a first common node,
wherein the first transistor is coupled to the first power supply rail;

a second stack of transistors of an opposite conductivity type to the first stack of tran-
sistors, the second stack including a third transistor and a fourth transistor coupled in se-
ries and having a second common node, wherein the second stack of transistor is coupled
in series to the first stack of transistors and having a third common node, wherein a gate
terminal of the third transistor is coupled to a circuitry which is coupled to the second
power supply rail; and

a feedback transistor of a same conductivity type of the third transistor coupled to the

second common node and a gate terminal of the third transistor of the second stack.

The apparatus of claim 1, wherein the feedback transistor includes a gate terminal which

is coupled to the third common node.

The apparatus of claim 1, wherein the gate terminal of the third transistor, and a gate ter-

minal of the fourth transistor are controllable by two separate control nodes.

The apparatus according to any one of claims 1 to 3, wherein the gate terminal of the

third transistor is coupled to a second power rail via a pass-gate circuitry.
The apparatus according to any one of claims 1 to 3, wherein a gate terminal of a first

transistor is coupled to an input voltage, and a gate terminal of the second transistor is

couple to a bias voltage.
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6. The apparatus of claim 1, wherein the feedback transistor is smaller in size than the third

transistor.

7. The apparatus of claim 1, wherein the feedback transistor comprises an n-type transistor.

8. The apparatus according to any one of claims 1 to 3, further comprising a capacitor which

is coupled with the gate of the third transistor and the gate of the fourth transistor.

9. The apparatus of claim 8, wherein a size of the capacitor is proportional to a size of the

third transistor.

10. A system comprising:

a memory;

a processor coupled to the memory, the processor including an apparatus according to
any one of claim 1 to 10; and

a wireless interface to allow the processor to communicate with another device.

11. An apparatus comprising:

a dual stack voltage driver, wherein the dual stack voltage driver comprises a first
stack of transistors, and a second stack of transistors, wherein the second stack of
transistors is coupled in series to the first stack of transistors; and

one or more feedback transistors each coupled to a transistor of the second stack

of transistors.

12. The apparatus of claim 11, wherein each second stack transistor and its adjacent second
stack transistor are coupled at a first common node, and wherein the feedback transistor
coupled to the second stack transistor includes a gate terminal which is coupled to the

first common node.
13. The apparatus of claim 11, wherein each of the one or more feedback transistors is cou-

pled to the gate of a second stack transistor, and is coupled to a second common node of

the second stack transistor.
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14.

15.

16.

17.

18.

19.

20.

21.

The apparatus of claim 11, wherein each of the gate terminals of the transistors of the

second stack transistors are controlled by a separate control node.

The apparatus of claim 14, wherein each of the gate terminals of the transistors of the

second stack of transistors are coupled to a separate power rail via a pass-gate circuitry.

The apparatus according to any one of claims 11 to 15, wherein each feedback transistor
of the one or more feedback transistors is smaller in size than the second stack transistor

to which it is coupled.

The apparatus of claim 15, wherein the one or more feedback transistors comprise one or

more n-type transistors.

The apparatus of claim 15, wherein the dual stack voltage driver includes one or more
capacitors, wherein each capacitor of the one or more capacitors is coupled with the gate
of a second stack transistor, and wherein the capacitor size is proportional to the size of

the second stack transistor to which it is coupled.

An apparatus comprising:

a dual stack high voltage driver, wherein the dual stack voltage driver com-
prises of a first stack of transistors, and a second stack of transistors, wherein the second
stack of transistor is coupled in series to the first stack of transistors; and

one or more feedback transistors each coupled to a transistor of the second

stack of transistors.

The apparatus of claim 19, wherein each second stack transistor and its adjacent second
stack transistor are coupled at a first common node, and wherein the feedback transistor
coupled to the second stack transistor includes a gate terminal which is coupled to the

first common node.
The apparatus of any one of claims 19-20, wherein each feedback transistor is coupled to

the gate of a second stack transistor, and is coupled to a second common node of the sec-

ond stack transistor.
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The apparatus of any one of claims 19-21, wherein each of the gate terminals of the tran-

sistors of the second stack of transistors are controlled by a separate control node.

The apparatus of any one of claims 19-22, wherein each of the gate terminals of the tran-
sistors of the second stack of transistors are coupled to a separate power rail via a pass-

gate circuitry.

The apparatus of any one of claims 19-23, wherein each feedback transistor of the one or
more feedback transistors is smaller in size than the second stack transistor to which it is

coupled.

The apparatus of any one of claims 19-24, wherein:

the one or more feedback transistors comprise one or more n-type transistors;

the dual stack high voltage driver includes one or more capacitors, wherein
each capacitor of the one or more capacitors is coupled with the gate of a second stack
transistor; or

the capacitor size is proportional to the size of the second stack transistor to

which it is coupled.
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AMENDED CLAIMS
[received by the International Bureau on 22 October 2019 (22.10.2019)]

What is claimed is:

l. An apparatus comprising:

a first power supply rail to provide a first power supply voltage;

a second power supply rail to provide a second power supply voltage, wherein a voltage
level of the first power supply voltage is higher than a voltage level of the second power
supply voltage;

a first stack of transistors of a first conductivity type, the first stack including a first
transistor and a second transistor coupled in series and having a first common node, wherein
the first transistor is coupled to the first power supply rail;

a second stack of transistors of a second conductivity type, wherein the second
conductivity type is different from the first conductivity type, the second stack including a
third transistor and a fourth transistor coupled in series and having a second common node,
wherein the second stack of transistor is coupled in series to the first stack of transistors and
having a third common node, and wherein a gate terminal of the third transistor is coupled to
a circuitry which is coupled to the second power supply rail; and

a feedback transistor of the second conductivity type, wherein the feedback transistor is
coupled to the second common node and the gate terminal of the third transistor of the

second stack.

2. The apparatus of claim 1, wherein the feedback transistor includes a gate terminal which is

coupled to the third common node.

3. The apparatus of claim 1, wherein the gate terminal of the third transistor, and a gate terminal

of the fourth transistor are controllable by two separate control nodes.

4. The apparatus according to any one of claims 1 to 3, wherein the gate terminal of the third

transistor is coupled to a second power rail via a pass-gate circuitry.
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The apparatus according to any one of claims 1 to 3, wherein a gate terminal of a first
transistor is coupled to an input voltage, and wherein a gate terminal of the second transistor

is couple to a bias voltage.

The apparatus of claim 1, wherein the feedback transistor is smaller in size than the third

transistor.

The apparatus of claim 1, wherein the second conductivity type is an n-type conductivity

type.

The apparatus according to any one of claims 1 to 3, further comprising a capacitor, which is

coupled with the gate terminal of the third transistor and the gate of the fourth transistor.

The apparatus of claim 8, wherein a size of the capacitor is proportional to a size of the third

transistor.

10. A system comprising:

a memory;

a processor coupled to the memory, the processor including an apparatus according to

any one of claim 1 to 10; and

a wireless interface to allow the processor to communicate with another device.

11. An apparatus comprising:

a dual stack voltage driver, wherein the dual stack voltage driver comprises;
a first stack of transistors; and
a second stack of transistors, and wherein the second stack of transistors is
coupled in series to the first stack of transistors; and
one or more feedback transistors each coupled to a second stack transistor of the

second stack of transistors.

12. The apparatus of claim 11, wherein each second stack transistor and its adjacent second stack

transistor are coupled at a first common node, and wherein the feedback transistor, coupled to
the second stack transistor, includes a gate terminal which is coupled to the first common

node.
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13.

14.

15.

16.

17.

18.

19.

20.
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The apparatus of claim 11, wherein each of the one or more feedback transistors is coupled to
a gate terminal of a second stack transistor, and is coupled to a second common node of the

second stack transistor.

The apparatus of claim 11, wherein each of gate terminals of transistors of the second stack

of transistors are controlled by a separate control node.

The apparatus of claim 14, wherein each of the gate terminals of the transistors of the second

stack of transistors are coupled to a separate power rail via a pass-gate circuitry.

The apparatus according to any one of claims 11 to 15, wherein each feedback transistor, of
the one or more feedback transistors, is smaller in size than the transistor of the second stack

of transistors to which it is coupled.

The apparatus of claim 15, wherein the one or more feedback transistors comprise one or

more n-type transistors.

The apparatus of claim 15, wherein the dual stack voltage driver includes one or more
capacitors, wherein each capacitor of the one or more capacitors is coupled with the gate of a
transistor, of the second stack of transistors, and wherein a size of the capacitor is
proportional to a size of the transistor, of the second stack of transistors, to which it is

coupled.

An apparatus comprising:

a dual stack high voltage driver, wherein the dual stack voltage driver comprises
of a first stack of transistors, and a second stack of transistors, and wherein the second stack
of transistors is coupled in series to the first stack of transistors; and

one or more feedback transistors each coupled to a transistor of the second stack

of transistors.

The apparatus of claim 19, wherein each second stack transistor and its adjacent second stack

transistor are coupled at a first common node, and wherein the one or more feedback
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21.

22.

23.

24.

25.

WO 2020/005451 PCT/US2019/034455

transistors, coupled to the second stack transistor, includes a gate terminal, which is coupled

to the first common node.

The apparatus of any one of claims 19 to 20, wherein each feedback transistor, of the one or
more feedback transistors, is coupled to a gate of a second stack transistor, and is coupled to

a second common node of the second stack transistor.

The apparatus of any one of claims 19 to 20, wherein each of gate terminals of the

transistors, of the second stack of transistors, are controlled by a separate control node.

The apparatus of any one of claims 19 to 22, wherein each of the gate terminals of the
transistors, of the second stack of transistors, are coupled to a separate power rail via a pass-

gate circuitry.

The apparatus of any one of claims 19 to 22, wherein each feedback transistor, of the one or
more feedback transistors, is smaller in size than the second stack transistor to which it is

coupled.

The apparatus of any one of claims 19 to 22, wherein:

the one or more feedback transistors comprise one or more n-type transistors;

the dual stack high voltage driver includes one or more capacitors, wherein each
capacitor of the one or more capacitors is coupled with the gate of a second stack transistor;
or

the capacitor size is proportional to the size of the second stack transistor to which

it is coupled.
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