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DISTRIBUTED ELECTROSTATIC
DISCHARGE PROTECTION CIRCUIT WITH
VARYING CLAMP SIZE

FIELD OF THE DISCLOSURE

The present disclosure is related generally to input/output
(I/O) cells of integrated circuit devices and more particularly
to electrostatic discharge (ESD) protection for input/output
cells.

BACKGROUND

Design of robust electrostatic discharge (ESD) protection
is important for integrated circuits in, for example, both wire-
bond and flip-chip packages. In an effort to protect the I/O
cells in the I/O ring around the perimeter of an integrated
circuit (IC) device, a designer often places ESD diodes
between each I/O pad and the local 1/O power (V) and
ground (V) buses. In addition, active rail clamp circuits,
comprising a transient detector circuit and a metal-oxide
field-effect transistor (MOSFET) clamp, often are placed to
provide ESD protection between the V,,,, and V. buses.
These clamp transistors, also referred to as “ESD clamp tran-
sistors”, “clamp transistors,” or simply “clamps,” typically
are distributed in parallel in power cells, ground cells, 1/O
cells or spacer cells in the I/O ring of the integrated circuit.
The clamp transistors collectively form an ESD clamp tran-
sistor network. In some IC designs there are very few or no
power/ground cells or spacer cells placed in the 1/O ring. For
example, in an IC designed for flip-chip packaging, off-chip
connections to the V,, and V i buses are typically made via
bumps, without need for any power or ground cells in the I/O
ring. Spacer cells require additional space in the [/O ring
which is unfavorable, especially for designs with a large
number of /O cells. The implication for the ESD designer is
that all ESD protection circuitry, including ESD clamp tran-
sistors, should ideally be contained within the I/O cells them-
selves. These ESD protection networks typically employ 1/0
cells with clamp transistors having the same relatively large
channel width. This arrangement typically results in overpro-
tection for the I/O cells on the interior of the I/O cell bank and
underprotection for the I/O cells at the edges of the /O cell
bank, as well as excess current leakage by the ESD clamps.
Accordingly, an improved ESD protection technique would
be advantageous.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood, and its
numerous features and advantages made apparent to those
skilled in the art by referencing the accompanying drawings.

FIG. 1 is a diagram illustrating an exemplary IC device
utilizing ESD protection for I/O cells in accordance with at
least one embodiment of the present disclosure.

FIG.2is adiagramillustrating an exemplary bank layout of
1/O cells having ESD clamp transistor devices with different
channel widths in accordance with at least one embodiment
of the present disclosure.

FIG. 3 is a circuit diagram illustrating certain I/O cells of
FIG. 2 in accordance with at least one embodiment of the
present disclosure.

FIG. 4 is a graph illustrating an exemplary simulated per-
formance of the embodiment shown in FIG. 2 and FIG. 3.

FIG. 5 is a diagram illustrating circuit layouts of the /O
cells of FIG. 3 in accordance with at least one embodiment of
the present disclosure.
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FIG. 6 is a diagram illustrating additional circuit layouts of
1/O cells in accordance with at least one embodiment of the
present disclosure.

FIGS. 7-8 are diagrams illustrating additional exemplary
bank layouts of /O cells having ESD clamp transistor devices
with different channel widths in accordance with at least one
embodiment of the present disclosure.

FIG. 9 is a circuit diagram illustrating an exemplary prior-
art transient detection circuit for ESD protection.

FIG. 10 is a flow diagram illustrating an exemplary method
for compensating for ESD at an integrated circuit (IC) device
in accordance with at least one embodiment of the present
disclosure.

The use of the same reference symbols in different draw-
ings indicates similar or identical items.

DETAILED DESCRIPTION OF THE DRAWINGS

In accordance with one aspect of the present disclosure, an
integrated circuit device includes a first voltage reference bus
including a first terminating end and a second terminating
end, and a second voltage reference bus. The integrated cir-
cuit device further includes a plurality of input/output (I/O)
cells distributed along a length of the first voltage reference
bus. Each of a first subset of the I/O cells includes a first
electrostatic discharge (ESD) clamp transistor device, the
first ESD clamp transistor device including a current elec-
trode coupled to the first voltage reference bus and a current
electrode coupled to the second voltage reference bus,
wherein the first ESD clamp transistor device has a first
channel width. Each of a second subset of the I/O cells
includes a second ESD clamp transistor device including a
current electrode coupled to the first voltage reference bus
and a current electrode coupled to the second voltage refer-
ence bus, wherein the second ESD clamp transistor device has
a second channel width, and wherein the second channel
width is different than the first channel width.

In accordance with another aspect of the present disclo-
sure, a bank of I/O cells includes a first I/O cell including a
first electrostatic discharge (ESD) clamp transistor device.
The first ESD clamp transistor device includes a control elec-
trode, a first current electrode coupled to a first voltage refer-
ence bus, and second current electrode coupled to a second
voltage reference bus. The first ESD clamp transistor device
has a first channel width. The bank of I/O cells further
includes a second 1/O cell including a second ESD clamp
transistor device. The second ESD clamp transistor device
includes a control electrode, a first current electrode coupled
to the first voltage reference bus, and second current electrode
coupled to the second voltage reference bus. The second ESD
clamp transistor device has a second channel width different
than the first channel width.

In accordance with yet another aspect of the present dis-
closure, a method for compensating for electrostatic dis-
charge (ESD) at an integrated circuit includes forming a first
set of input/output (I/O) cells, wherein the first set represents
a first portion of a bank of I/O cells and wherein each 1/O cell
of the first set includes a first ESD clamp transistor device
including a current electrode coupled to a first voltage refer-
ence bus and a current electrode coupled to a second voltage
reference bus. The first ESD clamp transistor device has a first
channel width. The method further includes forming a second
set of 1/O cells, wherein the second set represents a second
portion of the bank of I/O cells and wherein each 1/O cell of
the second set includes a second ESD clamp transistor device
including a current electrode coupled to a first voltage refer-
ence bus and a current electrode coupled to a second voltage
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reference bus. The second ESD clamp transistor device has a
second channel width different from the first channel width.

FIGS. 1-10 illustrate exemplary techniques for providing
ESD protection in a bank of I/O cells of an IC device. The [/O
cells are connected to a first voltage reference bus (e.g.,aV
bus) and a second voltage reference bus (e.g., a Vg bus),
whereby the I/O cells are distributed between the terminating
ends of the first voltage reference bus. In one embodiment,
some or all of the 1/O cells include an ESD clamp transistor
device (e.g., a MOSFET transistor or an array of MOSFET
transistors or transistor segments) having one current elec-
trode connected to the first voltage reference bus and another
current electrode connected to the second voltage reference
bus, whereby the channel width of the ESD clamp transistor
device of a particular /O cell is based on the position of the
1/O cell in the bank of 1/O cells. To illustrate, the I/O cells
proximal to the terminating ends of the first voltage reference
bus can have ESD clamp transistor devices with larger chan-
nel widths than the I/O cells at the interior of the bank of /O
cells (i.e., distal from the terminating ends). With ESD clamp
transistor devices of varying channel widths distributed in
this manner, more uniform ESD protection levels can be
achieved for the I/O cells of the bank.

The term “1/O,” as used herein, refers to input, output, or a
combination thereof. Accordingly, the term “1/O cell,” as used
herein, refers to any of an input-only cell, an output-only cell,
or a cell configurable as both an input cell and an output cell.
The term “transistor device,” as used herein, refers to a single
transistor or an array of transistors, wherein the single tran-
sistor or some or all of the transistors of an array of transistors
can be implemented as a single-segment transistor or as a
transistor comprising a plurality of segments (or “fingers”).
Therefore, when referring to the channel width of a clamp
transistor device, it should be understood that this represents
the total, cumulative channel width of all the transistor seg-
ments that are wired in parallel to form the clamp transistor
device.

For purposes of discussion, the ESD protection techniques
of the present disclosure are illustrated in the context of a
microprocessor. However, the ESD protection techniques can
be similarly employed in other types of electronic devices,
such as application specific integrated circuits (ASICs),
microcontollers, systems-on-a-chip (SOCs), and the like.
Further, although the circuit implementations disclosed
herein are illustrated using metal oxide semiconductor
(MOS) transistors, such as silicon substrate and silicon on
insulator MOS field effect transistors (MOSFETs), other
transistor types, such as bipolar junction transistors, Multiple
Independent Gate FETs (MIGFETs) and other materials,
such as silicon germanium, can be implemented as appropri-
ate without departing from the scope of the present disclo-
sure. In addition, though the clamp transistor devices are
illustrated herein as n-channel MOSFETs, other clamp
devices, including p-channel MOSFETs, two or more series
n-channel or p-channel MOSFETs, a bipolar junction tran-
sistor, or semiconductor controlled rectifiers (SCR) may be
used without departing from the scope of the present disclo-
sure.

Referring to FIG. 1, an exemplary integrated circuit (IC)
100 (e.g., a microprocessor) implementing ESD protection is
illustrated in accordance with at least one embodiment of the
present disclosure. In the illustrated example, the IC 100
includes a substrate 101, a central processing unit (CPU) 102
and a plurality of peripheral components, such as a memory
controller 104 and a cache 106. The IC 100 further includes a
plurality of input/output (I/O) cells to receive signals from,
and provide signals to, components external to the IC 100. In
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the illustrated example, the plurality of /O cells is imple-
mented in an I/O cell bank 108 and in an I/O cell bank 110.
The I/O cell bank 108 includes I/O cells 111-123 disposed at
the substrate 101 and the I/O cell bank 110 includes I/O cells
124-130 disposed at the substrate 101.

The 1/O cells 111-123 of the I/O cell bank 108 are con-
nected to a first power domain represented by a V,, bus 132
and a Vg bus 134. The 1/O cells 124-130 of the /O cell bank
110 are connected to a separate second power domain repre-
sented by aV, bus 136 and a V ;cbus 138. The V,, bus 132
is terminated at terminating ends 140 and 142 while the V
bus 136 is terminated at terminating ends 144 and 146, such
that the V,, bus 132 and the V,, bus 136 are not continuous
buses in IC 100 and constitute two separate power domains.

In the illustrated example, the 1/O cells 111-123 are con-
nected to a trigger bus 150 and an ESD boost bus 152, while
1/O cells 124-130 are connected to a separate trigger bus 154
and ESD boost bus 156. Other embodiments, however, may
not implement an ESD boost bus. In at least one embodiment,
the I/O cells 111-123 of the I/O cell bank 108 are distributed
(evenly or unevenly) along the length of the V,,, bus 132
between the terminating end 140 and the terminating end 142
of the V,, bus 132, and the I/O cells 124-130 of the 1/O cell
bank 110 are distributed (evenly or unevenly) along the length
of'the V,, bus 136 between the terminating end 144 and the
terminating end 146 of the V, bus 136. In the illustrated
embodiment, the Vs bus 134, ESD boost bus 152 and the
trigger bus 150 are terminated at terminating ends 140 and
142 to match the V ,, bus 132. Similarly, the V 4 bus 138, the
ESD boost bus 156 and the trigger bus 154 are terminated at
terminating ends 144 and 146 to match the V, bus 136.
Alternately, the V¢ bus 134 and the Vg bus 138 may be
shorted together, thereby forming a continuous single Vg
bus.

The IC 100 further includes a transient detector circuit 156
associated with the I/O bank 108 and a transient detector
circuit 158 associated with the I/O bank 110. The transient
detector circuit 156 has an output connected to trigger bus
150, and inputs (not shown) connected to the boost bus 152
and the V¢ bus 134. The transient detector circuit 158 has a
trigger output connected to the trigger bus 154, and inputs
(not shown) connected to the boost bus 156 and the V., bus
138. As illustrated, the transient detector circuits 156 and 158
can be remote, or separate, from the 1/O cells which form /O
cell banks 108 and 110, respectively. Alternately, the transient
detector circuit 156 can be implemented at one or more of the
1/O cells 111-123 and the transient detector circuit 158 can be
implemented at one or more of the /O cells 124-130. Further,
in another alternate embodiment, some or all of the I/O cells
can include a separate transient detector circuit connected
directly to a local ESD clamp transistor device.

As discussed with greater detail with reference to FIGS.
2-8, the channel width of the ESD clamp transistor device in
a particular I/O cell of the I/O cell bank 108 is based on the
position of the particular I/O cell within the /O cell bank 108.
Likewise, the channel width of the ESD clamp transistor
device in a particular I/O cell of the 1/O cell bank 110 is based
on the position of the particular I/O cell within the IO cell
bank 110. In one embodiment, the channel width of an ESD
clamp transistor device of an I/O cell is based on the proxim-
ity of the I/O cell to an edge of the 1/O cell bank (or, alter-
nately, a terminating end of the corresponding voltage refer-
ence bus). To illustrate, in one embodiment, the I/O cell bank
108 is divided into three regions: end region 180; interior
region 182; and end region 184. In this example, the ESD
clamp transistor devices ofthe I/O cells in the end regions 180
and 184 (i.e., /O cells 111-114 and I/O cells 120-123) have a
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first channel width and the ESD clamp transistor devices of
the I/O cells in the interior region 182 (i.e., [/O cells 115-119)
have a second channel width less than the first channel width.
The channel widths of the ESD clamp transistor devices in
1/0 cells 124-130 can be similarly configured for the I/O cell
bank 110. In one embodiment, the first channel width is
between 1.5 times and four times the second channel width. In
another embodiment, the first channel width is between four
times and ten times the second channel width.

Referring to FIG. 2, an exemplary layout floor plan of 1/O
cells of'an I/O cell bank 200 (e.g., the /O cell banks 108 and
110, FIG. 1) is illustrated in accordance with at least one
embodiment of the present disclosure. For clarity, only the
areas occupied by ESD clamp transistor devices and transient
detector circuits are illustrated. In the illustrated example, the
1/0 cell bank 200 includes /O cells 201-216, whereby 1/O
cells 201-206 are located at an end region 220 of the I/O cell
bank 200, I/O cells 207-210 are located at an interior region
222 of'the I/O cell bank 200, and I/O cells 211-216 are located
at an end region 224 of the I/O cell bank 200. With the
exception of /O cell 205 and I/O cell 212, the 1/O cells in the
end regions 220 and 224 have ESD clamp transistor devices
having a larger channel width (large clamp transistor devices)
and the I/O cells of the interior region 222 have ESD clamp
transistor devices having a smaller channel width (small
clamp transistor devices). In place of an ESD clamp transistor
device, the I/O cells 205 and 212 implement local transient
detector circuits having outputs connected to a trigger bus
(not shown) used to enable the ESD clamp transistor devices
of the remaining I/O cells in response to detecting an ESD
event. As illustrated in FIG. 2, the layout area 230 (as repre-
sented by layout height 234 and layout width 232) of the large
clamp transistor devices is substantially greater than the lay-
out area 236 (as represented by layout height 240 and layout
width 238) of the small clamp transistor devices. As also
illustrated, the large clamp transistor devices and the transient
detector circuits are of about the same physical size and
occupy about the same physical layout area of the floor plan
of'their respective /O cells. For this reason, a design layout of
a single base I/O cell may be created with nothing placed in
this large clamp transistor device/transient detector circuit
area. An 1/O cell with large clamp transistor device or an [/O
cell with transient detector circuit can be created from this
base 1/O cell by dropping in either a large clamp transistor
device or transient detector circuit. Furthermore, an I/O cell
with small clamp transistor device can also be created from
this base 1/O cell by dropping in a small clamp transistor
device. In the I/O cell with small clamp transistor device, the
unused remaining area can be utilized for decoupling capaci-
tors or other I/O circuitry. This design approach, utilizing a
base I/O cell floor plan with interchangeable large clamp
transistor devices, small clamp transistor devices, or transient
detector circuits can provide an efficient technique for imple-
menting the ESD clamp network in an I/O library. Referring
to FIG. 3, an exemplary circuit schematic of an /O cell 301
having a large clamp transistor device (e.g., /O cells 201-204,
206, 211, and 213-216, FIG. 2), an exemplary circuit sche-
matic ofan /O cell 302 having a small clamp transistor device
(e.g., I/O cells 207-210, FIG. 2) and an exemplary circuit
schematic of an I/O cell 303 having a transient detector circuit
(e.g., I/O cells 205 and 212, FIG. 2) are illustrated in accor-
dance with at least one embodiment of the present disclosure.
For purposes of clarity, the /O cell schematics of FIG. 3 omit
any additional 1/0 circuitry desired to be protected from ESD
damage, such as, for example, input buffer circuitry, pre-
driver circuitry, and other circuit components typically
included for normal /O operation.
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The I/O cell 301 includes an I/O pad 304 connected to an
ESD boost bus 352 (e.g., the ESD boost bus 152, FIG. 1) via
adiode 306 (diode A2) and connected to aV,, bus 332 (e.g.,
the V,, bus 132, FIG. 1) via a diode 308 (diode A1), and
whereby a Vg bus 334 (e.g., the Vg bus 134, FIG. 1) is
connected to the /O pad 304 via a diode 310 (diode B). I/O
cell 301 further includes a large clamp transistor device 320
having a current electrode connected to the V,, bus 332, a
current electrode connected to the V ¢s bus 334, and a control
electrode connected to a trigger bus 350 (e.g., the trigger bus
150, FIG. 1). The 1/O cell 301 further includes a pull-up
output driver transistor 316 (e.g., a p-channel transistor) hav-
ing a current electrode connected to the V,, bus 332, a
current electrode connected to the /0 pad 304, and a control
electrode to receive an OUT), signal from pre-driver circuitry
(not shown). The 1/O cell 301 also includes a pull-down
output driver transistor 318 (e.g., an n-channel transistor)
having a current electrode connected to the /O pad 304, a
current electrode connected to the V ;¢ bus 334, and a control
electrode to receive an OUT, signal from pre-driver circuitry
(not shown).

The 1/O cell 302 includes an /O pad 324 connected to the
ESD boost bus 352 via a diode 326 (A2 diode) and connected
to the V,, bus 332 via a diode 328 (A1 diode), and whereby
the V ;s bus 334 is connected to the /O pad 324 via a diode 330
(B diode). The I/O cell 302 further includes a small clamp
transistor device 340 having a current electrode connected to
the V,, bus 332, a current electrode connected to the V ;. bus
334, and a control electrode connected to the trigger bus 350.
The 1/O cell 302 further includes a decoupling capacitor 341
with an anode terminal connected to the V,, bus 332 and a
cathode terminal connected to the V ¢ ¢ bus 334. In an alternate
embodiment, other I/O circuitry may be utilized in place of
the coupling capacitor 341. The /O cell 302 also includes a
pull-up output driver transistor 336 (e.g., a p-channel transis-
tor) having a current electrode connected to the V., bus 332,
a current electrode connected to the /O pad 324, and a control
electrode to receive an OUT] signal from pre-driver circuitry
(not shown). The 1/O cell 302 also includes a pull-down
output driver transistor 338 (e.g., an n-channel transistor)
having a current electrode connected to the /O pad 324, a
current electrode connected to the V ¢s bus 334, and a control
electrode to receive an OUT, signal from pre-driver circuitry
(not shown). For purposes of the illustrated example, the
clamp transistor device 320 of the I/O cell 301 has a drawn
channel width of 880 microns and a drawn channel length of
0.28 microns and the clamp transistor device 340 of the /O
cell 302 has a drawn channel width of 275 microns and a
drawn channel length of 0.28 microns.

The 1/O cell 303 includes an /O pad 344 connected to the
ESD boost bus 352 via a diode 346 (A2 diode) and connected
to the V,, bus 332 via a diode 348 (A1 diode), and whereby
the V ;s bus 334 is connected to the /O pad 344 via a diode 351
(B diode). The 1/O cell 303 further includes a transient detec-
tor circuit 360 having an output connected to the ESD trigger
bus 350. The transient detector circuit 360 also is connected to
the ESD boost bus 352 and the V gc bus 334. The [/O cell 303
further includes a pull-up output driver transistor 356 (e.g., a
p-channel transistor) having a current electrode connected to
the V,, bus 332, a current electrode connected to the [/O pad
344, and a control electrode to receive an OUT signal from
pre-driver circuitry (not shown). The I/O cell 303 also
includes a pull-down output driver transistor 358 (e.g., an
n-channel transistor) having a current electrode connected to
the I/O pad 344, a current electrode connected to the Vo4 bus
334, and a control electrode to receive an OUTy signal from
pre-driver circuitry (not shown).
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In the depicted example, the A2 diodes (diode 306 in the
1/0 cell 301, diode 326 in the I/O cell 302, and diode 346 in
the 1/0 cell 303) each are formed as p+diffusion in NWELL
diodes with a p+ active periphery of 40 microns. Similarly the
Al diodes (diode 308 in the I/O cell 301, diode 328 in the 10
cell 302, and diode 348 in the I/O cell 303) each are formed as
p+ diftfusion in NWELL diodes with a p+ active periphery of
400 microns. Finally, the B diodes (diode 310 in the I/O cell
301, diode 330 in the I/O cell 302, and diode 351 in the I/O
cell 303) each are formed as n+ diffusion in PWELL diodes
with an n+ active periphery of 400 microns. In other embodi-
ments, other ESD diode active periphery values may be used,
and these values may change from 1/O cell to /O cell.

During a positive ESD event applied, for example, to 1/O
pad 304 (ref. FIG. 3) in I/O cell 301, with respect to the Vo
bus 334 grounded, the primary (high current) ESD path is
through the forward-biased diode 308 to the V, bus 332,
then through each of the large clamp transistor device 320 and
the small clamp transistor device 340 to the Vg bus 334.
Significant voltage drops occur along this high current path at
the Al diode 308 and along the V,,, bus such that the local
voltage drop (Vds) across the drain to source terminals of
each of the clamp transistor devices is often one half orless of
the applied voltage at the stressed /O pad 304 with respect to
the grounded V4 bus 334. A secondary (low current) ESD
path is through the forward biased diode 306 to the ESD boost
bus 352, which powers the transient detector circuits, such as
the transient detector 360. The transient detector circuits
detect the large voltage change with time (dV/dt) on the ESD
boost bus 352 associated with the ESD event and drive the
large and small clamp transistor device gates to approxi-
mately the boost bus voltage via the trigger bus 350. Driving
the clamp transistor device gates typically requires little cur-
rent. Accordingly, due to the small ESD current routed along
the ESD boost and trigger buses, there is a diode voltage drop
(~0.8V) due to the diode 306, but relatively little IR voltage
drop between the stressed /O pad 304 and the gates of the
clamp transistor devices 320 and 340. Indeed, it will be appre-
ciated that the ESD boost bus 352 and the trigger bus 350 may
be made relatively narrow and relatively resistive without
imparting significant IR drop during ESD events. Therefore,
due to the fact that the transient detector circuits are con-
nected to the stressed /O pad 304 via the low IR drop ESD
boost bus 352, rather than the high IR drop V,, bus 332, the
gate to source voltage (Vgs) for the multiple clamp transistor
devices typically is greater than the drain to source voltage
(Vds). The on-resistance of a clamp transistor device is
approximately inversely proportional to Vgs under these bias
conditions. This helps to increase the distributed clamp tran-
sistor device network performance and minimize the layout
area required to implement robust ESD protection circuits of
a given performance level. This “boosted” ESD clamp tran-
sistor device network can provide enhanced ESD protection
as compared to non-boosted networks.

Referring to FIG. 4, an exemplary graph 400 of an exem-
plary comparison between an effective clamp network resis-
tance of an I/O bank utilizing clamp transistor devices with
varying channel widths in accordance with one embodiment
of the present disclosure with an effective clamp network
resistance of a conventional I/O bank utilizing clamp transis-
tor devices having substantially equal channel widths is illus-
trated.

Distributing clamp transistor devices in the I/O cells of an
1/Obank can provide efficient ESD protection since the clamp
transistor devices, which are wired in parallel betweena 'V,
bus and a Vg bus, can work together to dissipate the ESD
currents. However, the resistance per unit length of the V,,
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and V ¢ buses as they extend across an 1/O bank can strongly
influence the clamp network performance. This bus resis-
tance can vary from IC design to IC design depending on the
width, number and thickness of metal layers allocated to the
Vpp and Vo buses. When performing SPICE simulations of
ESD clamp transistor device network performance it is con-
venient to model the bus resistances with discrete incremental
V pp and Vo bus resistors between each of the 1/O cells in the
bank. A typical value of incremental V,,, or V. bus resis-
tance between 1/O cells is 0.15 ohms.

As a first example of ESD network performance when
clamp transistor devices are distributed along-resistive power
buses, consider a conventional I/O bank having 1/O cells with
clamp transistor devices having equal channel widths. Fur-
ther assume for this example that the conventional /O bank
comprises one hundred (100) 1/O cells and where the clamp
transistor device of each cell has a drawn channel width of
880 microns and a drawn channel length of 0.28 microns.
Finally, assume that the transient detector circuits in the con-
ventional I/O bank have detected an ESD event applied to the
V p bus locally to one of the I/O pads and in response drive
the gates of multiple clamp transistor devices to the full
voltage of an ESD boost bus, via a trigger bus.

As a second example of ESD network performance, con-
sider an /O bank having I/O cells with varying clamp tran-
sistor channel widths in accordance with at least one embodi-
ment of the present disclosure. As with the conventional I/O
bank example, assume that this I/O bank comprises one hun-
dred (100) /O cells and where the clamp transistor device of
each I/O cell has a drawn channel length of 0.28 microns and
a drawn channel width that depends on the position of the [/O
cell within the I/O bank. For this example, the I/O cells at the
interior region of the I/O bank have a drawn channel width of
275 microns and the 1/O cells at the end regions of the /O
bank have a drawn channel width of 880 microns. For this
example the end regions and interior regions were configured
as shown in FIG. 2. Finally, as with the conventional /O bank
example, assume that the transient detector circuits in this [/O
bank have detected an ESD event applied to the V,, bus
locally to one of the I/O pads and in response drive the gates
of multiple clamp transistor devices to the full voltage of an
ESD boost bus, via a trigger bus.

A notable characteristic of these types of network is that the
effective clamp network resistance to the local V ;s bus varies
when measured at different points along the V,, bus. This is
illustrated by line 402 (data set 1) of FIG. 4 which plots the
SPICE simulated effective clamp network resistance (the
y-axis) to the local V ;¢ bus measured on the V,, bus at each
of I/O cells 1-50 (the x-axis) in the conventional I/O cell bank.
Likewise, line 404 (data set 2) of FIG. 4 plots the SPICE
simulated effective clamp network resistance (the y-axis) to
the local V ;s bus measured on the V,, bus at each of the I/O
cells 1-50 (the x-axis) in the /O cell bank having varying
channel widths for the clamp transistor devices. The data for
1/O cells 51-100 is not shown but matches the data for I/O
cells 1-50 when mirrored about an axis between 1/O cells 50
and 51.

As can be seen by line 402 of FIG. 4, with all clamp
transistor devices in the conventional /O bank equally sized,
the effective clamp network resistance to the local Vi bus is
minimum (about 0.58 ohms) when measured on the V,, bus
in the centermost /O cells in the interior region of the con-
ventional I/O bank, and maximum (about 0.95 ohms) on the
V pp bus in the two endmost 1/O cells of the conventional I/O
bank. Furthermore, the effective clamp network resistance to
ground on the V ,, bus drops rapidly in the first ten /O cells
when moving from the endmost I/O cells toward the center of
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the conventional I/O bank. For I/O cells further inboard in the
conventional I/Obank, the effective clamp network resistance
saturates at about 0.58 ohms.

The performance of the conventional /O bank can be
explained as follows. Because the clamp transistor devices of
the conventional I/O bank are sized equally, each individual
clamp transistor device has the same clamp resistance
between the V,, bus and the V¢ bus local to each clamp.
However, the incremental V ,, bus resistances and incremen-
tal Vo bus resistances between each clamp transistor device,
and the point or points on the V,, and V o buses where the
ESD event is connected, prevent each clamp transistor device
in the parallel network from participating equally. During an
ESD event connected between the V,, bus and the V bus
local to /O cell 50 in FIG. 4, the clamp transistor device local
to I/O cell 50 will see the highest drain to source voltage (Vds)
and therefore move the highest ESD current of all the clamps
in the bank. With a single I/O cell step to the right (I/O cell 51)
or left (I/O cell 49) away from [/O cell 50, the local clamp
transistor device sees a reduced Vds due to ESD current flow
across the incremental V,,, and V . bus resistances between
this /O cell and I/O cell 50. With each additional I/O cell step
to the right or left away from 1/O cell 50, the local clamp
transistor device sees a further reduced Vds due to ESD
current flow across the additional incremental V,, and Vo
bus resistances between this I/O cell and I/O cell 50. The
result is that clamp transistor devices clustered about /O cell
50 dissipate the majority of the ESD current with clamp
transistor Vds, and therefore clamp transistor current, drop-
ping off with increasing distance from [/O cell 50.

During an ESD event connected between the V,, bus and
the Vg bus local to /O cell 1 in the conventional /O cell
bank, the clamp transistor device local to /O cell 1 will see
the highest drain to source voltage (Vds) and therefore move
the highest ESD current of all the clamps in the bank. How-
ever, unlike in the previous example, additional clamps may
be only found to the right, not left, of I/O cell 1. This is the
reason that the effective clamp network resistance to the local
Vs bus is only 0.58 ohms on the V,, bus at /O cell 51 but
about 0.95 ohms on the V,, bus at I/O cells 1 and 100.
Therefore, 1/O cells near the center of the conventional 1/O
bank will be over-protected for ESD events, as compared to
1/0 cells near the ends of the bank, when distributing equally
sized clamp transistor devices across a conventional 1/0 cell
bank.

Further, in the conventional ESD network illustrated by
line 402 in graph 400, it is assumed that the maximum
allowed effective clamp network resistance between the V
bus and the V¢ bus local to any I/O cell is 0.95 ohms. Any
higher effective clamp network resistance typically would
result in damage to the IC. Therefore the clamp transistor
devices were sized to meet this 0.95 ohms worst-case perfor-
mance target. Unfortunately, as can be seen by line 402 of
FIG. 4, this network is not ideal. Every I/O cell in the bank is
over-protected, except for the two endmost I/O cells 1 and
100. Since ESD performance of an IC is typically quoted in
terms ofthe weakest I/O cell, there is no added value in having
over-protected 1/0O cells. Much of the clamp transistor size in
the interior portions of the bank is wasted.

In contrast, the SPICE simulated effective clamp network
resistance between the VDD bus and the VSS bus local to any
1/0 cell is much more uniform about the target of 0.95 ohms
for the exemplary I/O bank having clamp transistor devices
with variable channel widths, as illustrated by line 404 of
graph 400. The effective clamp network resistance matches
the target 0f 0.95 ohms at /O cells 1 and 100, and drops in the
first five I/O cells when moving from the endmost I/O cells
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toward the center of the bank, to about 0.7 ohms. However, the
effective clamp network resistance rises again towards the
0.95 ohm target when moving further inboard in the I/O bank.
Only about ten /O cells near the ends of the bank are over-
protected for ESD. All remaining I/O cells in the interior of
the I/O bank exhibit effective clamp network resistance
between the VDD bus and the VSS bus local to any 1/O cell
near the 0.95 ohm target. Therefore, as can be seen when
comparing the effective clamp network resistance of a con-
ventional I/O bank (line 402) with the effective clamp net-
work resistance of an 1/O bank having multiple clamp widths
(line 404), it will be appreciated that the use of clamp tran-
sistor devices with different channel widths depending on
position makes much more efficient use of the distributed
clamp transistor devices than the /O bank with clamp tran-
sistor devices having the same channel width.

Referring now to FIGS. 5 and 6, exemplary comparative
circuit layouts for I/O cells having clamp transistor devices
with different sizes (channel widths) are illustrated in accor-
dance with at least one embodiment of the present disclosure.
In the example of F1G. 5, the circuit layout 501 represents the
circuit layout for an I/O cell having a clamp transistor device
with a larger channel width (e.g., /O cell 301, FIG. 3) and the
circuit layout 502 represents the circuit layout for an I/O cell
having an clamp transistor device with a smaller channel
width (e.g., /O cell 302, FIG. 3).

As illustrated in the context of the I/O cell 301 of F1G. 3, the
circuit layout 501 includes layout areas 506, 508, 510, 516,
518 and 520 at which the circuitry for the diodes 306,308 and
310, the pull-up output driver transistor 316, the pull-down
output driver transistor 318 and the clamp transistor device
320 are respectively implemented. As also illustrated in the
context of the I/O cell 302 of FIG. 3, the circuit layout 502
includes layout areas 526, 528, 530, 536, 538, 540 and 541 at
which the circuitry for the diodes 326, 328 and 330, the
pull-up driver transistor 336, the pull-down driver transistor
338, the clamp transistor device 340, and the decoupling
capacitor 341 are respectively implemented.

In the illustrated example, the diodes and the pull-up and
pull-down output driver transistors configurations are the
same for both the I/O cell 301 and the 1/O cell 302, and
therefore layout areas 526, 528, 530, 536 and 538 of the
circuit layout 502 can be in the same corresponding layout
location and have the same corresponding layout area as the
corresponding layout areas 506, 508, 510, 516 and 518 of the
circuit layout 501. However, because the size (channel width)
of'the clamp transistor device 320 of the I/O cell 301 is larger
than the size (channel width) of the clamp transistor device
340 of the I/O cell 302, the layout area 520 of the circuit
layout 501 for the clamp transistor device 320 consequently is
larger than the layout area 540 of the circuit layout 502 for the
clamp transistor device 340. The extra layout area (layout
area 541) afforded by the use of the smaller channel width for
the ESD clamp transistor device 340 allows additional cell
circuit components to be implemented in the circuit layout
502.

In the illustrated embodiment, layout area 541 is used to
implement the decoupling capacitor 341. For many IC appli-
cations, decoupling capacitors connected between the V,,,
bus and the V¢ bus are highly desirable as a way to reduce
simultaneous switching noise during normal operation. In
other embodiments, area 541 of'the circuit layout 502 may be
used for other purposes, such as, for example, additional I/O
circuitry. As described previously, circuit layout 501 and cir-
cuit layout 502 may be easily created from a single base /O
cell layout design by interchangeably placing either the large
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clamp transistor device 320, or the combined small clamp
transistor device 340 and decoupling capacitor 341 in the
available space.

In the example of FIG. 6, the circuit layout 601 represents
the circuit layout of an input-only type I/O cell and the circuit
layout 602 represents the circuit layout of an 1/O cell having
both input and output capabilities. The circuit layout 601
includes a layout area 606 for implementing a diode between
the 1/O pad (not shown) and an ESD boost bus, a layout area
608 for implementing a diode between the /O padandaV,,
bus, and a layout area 610 for implementing a diode between
a Vs bus and the 1/O pad. The circuit layout 601 further
includes a layout area 620 for implementing an ESD clamp
transistor device having a larger channel width. The circuit
layout 602 includes a layout area 626 for implementing a
diode between the I/O pad (not shown) and an ESD boost bus,
a layout area 628 for implementing a diode between the /O
pad and a V,, bus, and a layout area 630 for implementing a
diode between a V4 bus and the I/O pad. The circuit layout
602 further includes a layout area 636 for implementing a
pull-up driver transistor, a layout area 638 for implementing a
pull-down driver transistor, and a layout area 640 for imple-
menting an ESD clamp transistor device having a smaller
channel width.

As illustrated the comparative sizes of the layout areas 620
and 640 of FIG. 6, the input-only type cell represented by the
circuit layout 601 can implement an ESD clamp transistor
device having a larger channel width than the full I/O cell
represented by the circuit layout 602 due to the additional
layout areas 636 and 638 used in the circuit layout 602 for the
pull-up driver transistor and the pull-down driver transistor.
Thus, in one embodiment, the total layout area of the ESD
clamp transistor device, pull-down driver transistor, and pull-
up driver transistors (e.g., the total of the layout areas 640,
636, and 638) of the circuit layout 602 is not substantially
larger than the layout area 620 for the ESD clamp transistor
device of the circuit layout 601 so as to facilitate ease of
design and interchangeability between the circuit layout 601
and the circuit layout 602.

Referring to FIG. 7, another exemplary layout floor plan of
1/O cells of an I/O cell bank 700 is illustrated in accordance
with at least one embodiment of the present disclosure. In the
depicted example, the /O cell bank 700 includes a plurality of
1/O cells, including I/O cells 701-711 positioned starting at
bank edge 712. The ESD clamp transistor devices of [/O cells
701-706 occupy layout areas 721-726, respectively, in the [/O
cell floor plans. The ESD clamp transistor devices of 1/O cells
707-711 each occupy a layout area 727. Additional I/O cells,
similarto [/O cells 707-711, are assumed placed to the right of
1/0 cell 711, as indicated by the three dots in FIG. 7. It should
be understood that the ESD clamp transistor devices differ in
layout area because they vary in channel width. The channel
length for each ESD clamp transistor device is assumed con-
stant.

In the illustrated example, layout area 721 is greater than
layout area 722, layout area 722 is greater than layout area
723, layout area 723 is greater than layout area 724, layout
area 724 is greater than layout area 725, layout area 725 is
greater than layout area 726, and layout area 726 is greater
than layout area 727. Thus, it will be appreciated that the
layout area, and therefore channel width of the ESD clamp
transistor device implemented in an I/O cell decreases the
more distal the I/O cell is from the bank edge 712 up to point
714, after which the channel width of the ESD clamp transis-
tor devices is kept relatively constant for the /O cells. It
therefore also will be appreciated that, when the clamp tran-
sistor devices are each sized correctly, the variation of the

20

25

30

35

40

45

50

55

60

65

12

channel widths for the clamp transistor devices can allow for
more uniform ESD protection in the I/O cell bank 700. The
ESD clamp transistor device network of FIG. 7, with multiple
clamp transistor sizes can allow for even more uniform pro-
tection than can be achieved with only two different clamp
transistor sizes.

Referring to FIG. 8, yet another exemplary layout of I/O
cells of an I/O cell bank 800 is illustrated in accordance with
at least one embodiment of the present disclosure. In the
depicted example, the I/O cell bank 800 includes a plurality of
1/O cells, including I/O cells 801-814, positioned between
bank edge 816 and bank edge 818. In the depicted example,
the 1/O cells at the edge regions (i.e., /O cells 801-804 and
1/O cells 811-814) include ESD clamp transistor devices 815
having larger channel widths and the I/O cells at the interior
region (i.e., I/O cells 805-810) include ESD clamp transistor
devices 817 having smaller channel widths. Further, in one
embodiment, each of the I/O cells 801-814 includes a tran-
sient detection circuit 820 having a trigger output to enable
the ESD clamp transistor device of the corresponding I/O cell
in response to an ESD event at the /O cell. One difference
between I/O cell bank 800 in FIG. 8 and I/O cell bank 200 in
FIG. 2 is that the clamp transistor devices in I/O cell bank 800
are driven by local transient detector circuits during an ESD
event, while the clamp transistor devices in I/O cell bank 200
are driven by transient detector circuits placed in another [/O
cell. However, in both I/O bank 200 and I/O bank 800 the I/O
cells proximal to the edge regions of the bank have clamp
transistor devices with larger channel widths than the I/O
cells at the interior region of the bank (i.e., distal from the
terminating ends). The three dots in between I/O cells 807 and
808 in FIG. 8 illustrate that additional I/O cells may option-
ally be placed in interior region of I/O bank 800.

Referring to FIG. 9, an exemplary prior-art transient detec-
tor circuit 900 is illustrated. Although the transient detector
circuit 900 illustrates one suitable implementation, any of a
variety of transient detector circuits may be used to detect
ESD events and provide a trigger signal in response without
departing from the scope of the present disclosure. The tran-
sient detector circuit 900 can be implemented as, for example,
the transient detector circuit 156 of FIG. 1 located remotely
relative of a monitored I/O cell bank, the transient detector
circuit 242 of FIG. 2 placed in a subset of the I/O cells in the
bank, or the transient detector circuit 820 of FIG. 8 placed
local to the clamp transistor device in each I/O cell.

Transient detector circuit 900 includes an RC circuit of
capacitive element 905 and resistive element 907 for detect-
ing a dV/dt transient on the boost bus 902 in the ESD range.
If'the voltage rise time is sufficiently short (e.g., 60 ns or less),
the transistor 909 is turned on long enough to pull node 910
down to the voltage of the Vo5 bus 904 (logic level low). The
inverter 917 then outputs a voltage equal to the boost bus 902
(logical level high) on to trigger bus 920 to turn on the clamp
transistor devices (e.g., the clamp transistor device 320, FI1G.
3). The current source 911 and the capacitive element 915 act
as a delay-on circuit for holding the input of the inverter 917
low for a period of time appropriate to fully discharge the
ESD event (e.g., typically 300-600 ns).

In one embodiment, transient detector circuit 900 includes
aVpp,boostcircuit (not shown in FIG. 9). AV, , boost circuit
may be used to increase the boost bus voltage to the voltage
applied to the V,, bus during a positive ESD event applied
directly to the V, bus. The boost circuit may include a
voltage comparator circuit and if the voltage of the V,, bus
exceeds the boost bus during an ESD event, the boost circuit
pulls the boost bus up to the voltage of the V, bus.
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It will be appreciated that FIG. 9 illustrates one type of
transient detector circuit that may be implemented in the ESD
protection networks described herein. This transient detector
circuit may also be used for non-boosted ESD clamp transis-
tor device networks by powering the transient detector circuit
with the V,, bus rather than the boost bus (i.e., the boost bus
is merged with the V,, bus). Other types of ESD detecting
trigger circuits may be implemented without departing from
the scope of the present disclosure.

Referring to FIG. 10, an exemplary method 1000 for com-
pensating for electrostatic discharge (ESD) at an integrated
circuit is illustrated in accordance with at least one embodi-
ment of the present disclosure. The method 1000 includes
forming a first set of input/output (I/O) cells at a substrate at
block 1002. The first set represents a first portion of a bank of
1/O cells. Each I/O cell of the first set includes a first ESD
clamp transistor device having a current electrode connected
to a first voltage reference bus, a current electrode connected
to a second voltage reference bus, whereby the first ESD
clamp transistor device has a first channel width. The method
1000 further includes forming a second set of I/O cells at the
substrate at block 1004. The second set of 1/O cells can be
formed concurrently with the first set of I/O cells. The second
set represents a second portion of the bank of /O cells. Each
1/0 cell of the second set includes a second ESD clamp
transistor device having a current electrode connected to a
first voltage reference bus, a current electrode connected to a
second voltage reference bus. The second ESD clamp tran-
sistor device has a second channel width different from the
first channel width. In one embodiment, the first channel
width is based on a position of the first set within the bank of
1/0 cells and the second channel width is based on a position
of'the second set within the bank of I/O cells. The first portion
can include an end region of the bank of I/O cells, the second
portion can include an interior region of the bank of I/O cells,
and the first channel width is greater than the second channel
width.

Other embodiments, uses, and advantages of the disclosure
will be apparent to those skilled in the art from consideration
of the specification and practice of the disclosure disclosed
herein. The specification and drawings should be considered
exemplary only, and the scope of the disclosure is accordingly
intended to be limited only by the following claims and
equivalents thereof.

What is claimed is:

1. An integrated circuit comprising:

a first voltage reference bus comprising a first terminating

end and a second terminating end;

a second voltage reference bus;

a plurality of input/output (I/0O) cells distributed along a

length of the first voltage reference bus and comprising:

a first subset of 1/O cells disposed proximal to one of the

first terminating end or the second terminating end of the
first voltage reference bus; and

a second subset of /O cells disposed distal from the first

terminating end and the second terminating end of the
first voltage reference bus; and

wherein each of the first subset of the 1/O cells comprises a

first electrostatic discharge (ESD) clamp transistor
device, the first ESD clamp transistor device comprising
a current electrode coupled to the first voltage reference
bus and a current electrode coupled to the second voltage
reference bus, wherein the first ESD clamp transistor
device comprises a first channel width; and

wherein each of the second subset of the /O cells com-

prises a second ESD clamp transistor device comprising
a current electrode coupled to the first voltage reference
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bus and a current electrode coupled to the second voltage
reference bus, wherein the second ESD clamp transistor
device comprises a second channel width, and wherein
the second channel width is less than the first channel
width.

2. The integrated circuit of claim 1, further comprising:

a transient detector circuit having an output coupled to a
trigger bus; and

wherein a control electrode of the first ESD clamp transis-
tor device of each of the first subset of I/O cells and a
control electrode of the second ESD clamp transistor
device of each of the second subset of the I/O cells is
coupled to the trigger bus.

3. The integrated circuit of claim 1, wherein the first chan-

nel width is at least twice the second channel width.

4. The integrated circuit of claim 1, wherein each of a third
subset of the /O cells comprises a third ESD clamp transistor
device comprising a current electrode coupled to the first
voltage reference bus and a current electrode coupled to the
second voltage reference bus, wherein the third ESD clamp
transistor device comprises a third channel width, and
wherein the third channel width is different than the first
channel width and the second channel width.

5. The integrated circuit of claim 4, wherein:

the third subset of the /O cells comprises /O cells dis-
posed between the first subset and the second subset; and

the first channel width is greater than the third channel
width, and the third channel width is greater than the
second channel width.

6. The integrated circuit of claim 1, wherein:

each of a third subset of the I/O cells comprises a transient
detector circuit having an output coupled to at least one
corresponding ESD clamp transistor device of at least
one I/O cell of the first subset or the second subset; and

wherein the [/O cells of the third subset are disposed among
the I/O cells of the first subset and the second subset.

7. The integrated circuit of claim 1, wherein:

a first I/O cell of the second subset of I/O cells comprises a
cell circuit component; and

a total layout area of the ESD clamp transistor device and
the cell circuit component of the first [/O cell is not
substantially greater than a total layout area of the first
ESD clamp transistor device.

8. The integrated circuit of claim 7, wherein the cell circuit
component comprises at least one of output driver circuitry, a
decoupling capacitor, or a transient detector circuit.

9. A bank of input/output (1/0) cells comprising:

a first /O cell comprising a first electrostatic discharge
(ESD) clamp transistor device comprising a control
electrode, a first current electrode coupled to a first volt-
age reference bus, and second current electrode coupled
to a second voltage reference bus, the first ESD clamp
transistor device having a first channel width, and
wherein the first I/O cell positioned at an end region of
the bank of I/O cells; and

a second I/O cell comprising a second ESD clamp transis-
tor device comprising a control electrode, a first current
electrode coupled to the first voltage reference bus, and
second current electrode coupled to the second voltage
reference bus, the second ESD clamp transistor device
having a second channel width different less than the
first channel width, and wherein the second I/O cell is
positioned at an interior region of the bank of I/O cells.

10. The bank of I/O cells of claim 9, wherein the first
channel width is at least twice the second channel width.
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11. The bank of 1/O cells of claim 9, wherein:

the second 1/O cell comprises a cell component disposed
adjacent to the second ESD clamp transistor device;

the first ESD clamp transistor device is disposed at a first
position of the first I/O cell and the second ESD clamp
transistor device and the cell component are disposed at
a second position of the second I/O cell, the second
position corresponding to the first position; and

acombined layout area of the second ESD clamp transistor
device and the cell component is not substantially larger
than a layout area of the first ESD clamp transistor
device.

12. The bank of /O cells of claim 11, wherein a total layout
area of the first I/O cell is substantially equal to a total layout
area of the second I/O cell.

13. The bank of I/O cells of claim 11, wherein the cell
component comprises output driver circuitry.

14. The bank of I/O cells of claim 11, wherein the cell
component comprises a transient detector circuit comprising
an output coupled to a control electrode of the second ESD
clamp transistor device.

15. A method for compensating for electrostatic discharge
(ESD) at an integrated circuit, the method comprising:

forming a first set of input/output (I/O) cells, wherein the

first set represents an end region of a bank of I/O cells

and wherein each I/O cell of the first set comprises a first

ESD clamp transistor device comprising a current elec-

trode coupled to a first voltage reference bus and a cur-
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rent electrode coupled to a second voltage reference bus,
the first ESD clamp transistor device having a first chan-
nel width; and
forming a second set of /O cells, wherein the second set
represents an interior region of the bank of I/O cells and
wherein each /O cell of the second set comprises a
second ESD clamp transistor device comprising a cur-
rent electrode coupled to the first voltage reference bus
and a current electrode coupled to the second voltage
reference bus, the second ESD clamp transistor device
having a second channel width less than the first channel
width.
16. The method of claim 15, wherein the first channel width
is based on a position of the first set within the bank of I/O
cells and the second channel width is based on a position of
the second set within the bank of I/O cells.
17. The method of claim 15, wherein the first channel width
is at least twice the second channel width.
18. The method of claim 15, further comprising:
forming a third set of /O cells, wherein the third set rep-
resents a third portion of the bank of I/O cells and
wherein each 1/O cell of the third set comprises a third
ESD clamp transistor device comprising a current elec-
trode coupled to the first voltage reference bus and a
current electrode coupled to the second voltage refer-
ence bus, the third ESD clamp transistor device having a
third channel width different from the first channel
width and the second channel width.

#* #* #* #* #*
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 7,589,945 B2 Page 1 of 1
APPLICATION NO. 1 11/513638

DATED : September 15, 2009

INVENTORC(S) : James Miller et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Column 14, Line 54, please change “first 1/O cell positioned at an end” to --second /O cell is
positioned at an interior--

Column 14, Line 61, please delete “different”

Signed and Sealed this

David J. Kappos
Director of the United States Patent and Trademark Office
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