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(57) Abstract: An electronic device may include one or more output buffers each including a pair of final p-channel metal oxide
semiconductor (PMOS) and n-channel metal oxide semiconductor (NMOS) transistors, a first pre-buffer to drive the PMOS transistor,
and a second pre-buffer to drive the NMOS transistor. Each output buffer receives power from a pre-buffer supply filtering circuit,
which may include a supply capacitor for stabilizing supply voltage, a low-pass first pre-buffer supply filter to filter the voltage supplied
to the first pre-buffer, and a low-pass second pre-buffer supply filter the voltage supplied to the second pre-buffer.
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QUTPUT BUFFER HAVING SUPPLY FILTERS

PRIORITY APPLICATION
16601 ] This application claims the benefit of priovity to U.S. Application Serial
Number 17/177,85§, filed February 17, 2021, which is a continuation of U.S.
Apphication Sertal Nomber 16/922,894, filed July 7, 2020, all of which are

incorporated herein by reference in their entirety.

BACKGROUND
(6602} Data input/output frequency n electronic devices has been continnously

increasing,

challenging the capability of output buffers 1o maintaining signal
integrity. Changes of data state at high frequencies may cause the output resistance
of an outpat buffer and the supply voltage applied to the ouiput butfer to vary to an
extent of undermining accuracy of the output data. Technigues for improving the
output buffer capabilities have been developed, such as keeping the output
resistance of the output buffer as constant as possible and/or using a large

capacitance to stabilize the supply voltage applied {o the output buffer.

BRIEF DESCRIPTION OF THE DRAWINGS
[3683] o the drawings, which are not necessarily drawn to scale, like numerals
may describe similar components in different views. The drawings illustrate
generally, by way of example, but not by way of lurutation, various erobodiments
discussed in the present document.
16604] FIG. 1 is a circuit diagram illustrating an exaruple of an output buffer.
{6805 FIG. 2 is a graph showing an example of gate voltages of final transistors
in the cutput bulfer of FIG. L
16606] FIG. 3 is a graph showing an example of corrent-voltage characteristics
of a metal oxide semiconductor (MOS) transistor.
166471 FIG. 4 1s a circuit diagram illastrating an exarople of an outpat stage

circuit coupled to a power supply.



WO 2022/010909 PCT/US2021/040529

wh

10

15

20

{6608] FIG. 5 1s a graph showing an example of an eye-diagram of the voltage
output from the cutput buffer, resulting from the simulation using the circuit of FIG.
4.

[6609] F1G. 6 1s a graph showing an example of gate voltages of final transistors
of multiple outpot buffers resulting from the simulation using the circuit of FIG. 4,

without a capacitor coupled between voltage supply lines.

(6618 FIG. 7 is a graph showing an example of an eye-diagram of the voltage
outputs from the multiple output buffers resniting from the simulation using the
circuit of FIG. 4, without a capacitor coupled between voltage supply lines.

(6011} FIG. 8 1s a graph showing an example of gate voltages of the {inal
transistors of the wultiple oviput butfers resulting from the simulation using the
circuit of FI(. 4, with an ideal voltage source.

16612] FI(. 918 a graph showing an example of an eye-diagram of the voltage
outputs from the multiple output buffers resulting from the simulation using the
circuit of FIG. 4, with an ideal voltage source.

(6613 FIG. 10 1s a block diagram illustrating an example of an output buffer
and a pre-buffer filtering circuit.

{6614} FIGL 11 s a civcuit diagram illostrating an example of an output buffer
and a pre-buffer filtering circnit.

16615] FIG. 12 1s a graph showing an example of an eye-diagram of the voliage
cutputs from multiple output buffers, resulting from the simulation using the circuit
of FIG. 4 but with the multiple output buffers each including the pre-buffer fltering
circuit of FIG. 11,

[6016] FIG. 13 is a flow chart illustrating an examples of a method for driving a
pair of final p-channel metal oxide semiconductor (PMOS) and n-channel metal
oxide semiconductor (NMOS) transistors in a data output stage of an electronic
device.

[6617] FIG. 14 is a block diagram illustrating an example of an electronic

device including the output bufler and pre-butfer Gltering circuit of FIG. 10,
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DETAILED DESCRIPTION
{6018] In the following detailed description, reference 1s made to the
accompanying drawings which form a part hereof, and in which is shown by way of
illustration specific embodiments in which the invention may be practiced. These
embodiments are described 1o sufficient detail fo enable those skilled 1 the art to
practice the invention, and it is to be understood that the embodiments may be
combined, or that other embodiments may be wtilized and that structural, logical and
electrical changes may be made without departing from the spirit and scope of the
present invention. References to “an”, “one”, or “various” ernbodiments in this
disclosnre are not necessarily to the same embodiment, and such references
contemplate more than one embodiment. The following detailed description
provides examples, and the scope of the present invention s defined by the
appended claims and their legal equivalents.
16619 This docurment relates to method and apparatus for stabilizing supply
voltage for pre-buffers that drive final transistors of an output buffer in an electronic
device. The output buffer includes a pair of final NMOS and PMOS transistors and
a pair of pre-buffers each driving one of the {inal NMOS and PMOS trausistors. A
capacitor having a sufficiently large capacitance coupled between voltage supply
lines {e.g., VDD and V5S) {for the output buffer has been used to improve the
capability of the output buffer in ensuring integrity of digital signals at high
frequencies. The present sabject matter provides the output buffer with pre-buffer
voltage supply filtering to further improve that capability by stabilizing the gate
voltage of each of the final NMOS and PMOS transistors. For example, instead of
using a total capacitance between the voltage supply lines for the entire output
butfer, the present subject matter uses a portion of the total capacitance for filtering
the voltage supplied to the pre-buffer that drives the final NMOS transistor and
another portion of the total capacitance for filtering the veltage supplied to the pre-
buffer that drives the fival NMOS transistor, 10 addition o the remaining portion of
the total capacitance that is coupled between the voltage supply lines. This
improves the capability of the output buffer withouot requiring additional total

capacitance (i.e., without requiring additional space on the electronic device). By

W2
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stabilizing the supply voltages to the pre-buffers, the variance of gate voltage (Vgs)
of the final NMOS and PMOS transistors are reduced, resulting in better signal
integrity at the output pad connected to the output butfer.
[6628] One example of the electronic device includes a memory device. Many
forms of memory devices may be used in a system while linnting data processing
speed of the system because of limitations on how quickly data can be read from
and/or wrile into the memory devices without compromusing accuracy. Such
merory devices may include, by way of son-luniting example only, both volatile
and non-volatile memory. Volatile memory requires power {o maintain its data, and
includes randor-access memory (RAM), in various forms, such as dypamic
random-access memory (BRAM) or synchronous dynamic random-access memory
(SDRAM), among others. Non-volatile memory may retain stored data when not
powered, and may include one or more storage technologies, such as {lash memory
{e.g.. NAND or NOR flash), electrically erasable programmable ROM (EEPROM),
static RAM (SRAM), Ferroclectric RAM (FeRAM), erasable programmable ROM
{EPROM), resistance variable memory, such as phase-change random-access
memory (PCRAM), resistive random-access memory (RRAM), magnetoresistive
random-access memory (MRAM), or 3D XPoint™ memory, among others. The
present subject matter can be applied, by way of example, but not by way of
restriction, to such memory devices to increase the maximum {requency at which
the system can operate. In various embodiments, the present subject matter can be
applied in any electronic device with CMOS circuitry for increasing operational
speed and/or improving signal integrity.
16621} Some terms/acronyms used 1o this document, including the drawings,
include:

s NMOS transistor: n-channel metal-oxide-semiconductor field-effect

transistor (MOSFET):
s PMOS transistor: p-channel metal-oxide-semiconductor field-effect
transistor (MOSFET):
s IN: data input (into output buffer);

s D} data output (from output buffer);
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e  GATEP: gate of PMOS transistor;

s  GATEN: gate of PMOS traonsistor;

& YD) drain supply voltage;

& VS8 source supply voltage;

. VDDQ: output stage drain supply voltage;

& V3S{}: ouniput stage source supply voltage;

s VDDO _BALL: output stage drain supply voltage at a position

correspondiong to a solder ball in a ball grid array (BGA) package;
¢ VS5 BALL: output stage source supply voltage at a position
corresponding to a solder ball in a BGA package;

s VDDOQ FILT: filtered output stage drain supply voltage;

¢ YSSQ_FILT: filtered output stage source supply voltage;

e EN: enable signal;

&  EN_N: disable signal {enable signal inverted});

¢  OGND_PKG: packaging ground;

¢ YDDQ PAD: output stage drain supply voltage pad;

e VSS5Q _PAD: cutput stage source supply vollage pad;

e D _PAD: data output pad.
(66221 FIG. 1 is a cirenit diagram tllustrating an example of an output buffer
180, OCutput buffer 106 inclades a pair of {inal transistors including a PMOS
transistor 101 and an NMOS transistor 102 with their drains coupled to the data
output pad (DQ_PAD). A NAND gate functioning as a pre-baffer 103 drives the
PMOS transistor 101. A NOR gate functioning as a pre-buffer 104 drives the
PMOS transistor 101. When the enable signal (EN) 1s high (e, EN_Nis low),
output buffer 101 functions as a noninverting buffer that drives the input (IN) data
onto the DQ_PAD. When EN i3 low (1.e., EN_N i3 high), PMOS transistor 101 and
NMOS transistors 102 are disconnected {rom the IN. Thus, EN allows multiple
output buffers to be connected on the same bus by cnabling only one of the multiple

oufput buffers at a time.

[
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188231 In the illustrated example, the pair of final transistors 101 and 102, pre-
buffer 103, and pre-buffer 104 are powered using an output stage drain supply
voltage (VDIDQ) and an output stage source supply voltage (VSS(Q). As discussed
below, the stability of YDDQ and VS50 himits the data speed that output buffer 100
can accommodate. The present subject matter provides for improvement of a
measure of data quality and/or reduced total capacitance required for a minimum
value {or the measure of data guality.

(66241 FIG. 2 is a graph showing an example of gate voltages of the {inal
transistors output buffer 100. The gate voltage (1.¢., the gate-to-source voltage,
Ves) for PMOS transistor 1s measured at the gate of the PMOS transistor (GATEP)
with reference to VDDQ (flipped as shown in the graph). The gate voltage (i.e., the
gaie-to-source voltage, Vgs) for NMOS transistor is roeasured at the gate of the
NMOS transistor (GATEN) with reference to VSS5Q. MOS transistors generate
electromagoetic interfercoce at levels that ncrease with the slew rate of the output
current (I, as measured at DO _PAD). In order to limit the slew rate (dl/dt), the
switching-on time for the final transistors is controlled, and therefore the Vgs for
each of PMOS wansistor 101 and NMOS transistor 102 is controlled for rising at a
desired speed.

16625] FIG. 3 is a graph showing an example of current-voltage (1-V)
characteristics of a MOS transistor. FIG. 3 shows curves (when VDDQ is 1.8 V)
corresponding to the following cases:

& an ideal case with the final transistor having a near output resistance {i.¢.,
having the characteristics of a resistor) being a target resistance {(e.g., R = 30
ohm), which is only true for a fixed Vgs {e.g., LEV);

& a case with the final transistor having an output resistance approximating the
linear output resistance being the target resistance {e.g., R = 50 ohm) in the 0
- VDDO/2 vange with a fixed Vgs (e.g., Vgs = 1.8 V), which 15 only true for
afixed Vgs (e.g., 1.8 V)

® acase in which when Vgs increases (e.g., Vgs > 1.§ V), the curve shifts up,
changing the drain resistance of the final transistor which has a resistance

smaller than the target resistance (e.g.. R < 30 ohm); and

6
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® acasc in which when Vgs decreases {e.g., ¥Ygs < 1.8 V), the curve shifts

down, changing the drain resistance of the final fransistor which has a

resistance larger than the target resistance {e.g., R > 50 ohm).
These curves show that the Vgs of a {inal transistor needs to be kept constant
because a MOS device has a certain draio characteristic only at a certain Vgs. Thus,
for output buffer 100, a large amount of capacitance can be dedicated to {iltering the
supply voltages in an attempt to keep the Vgs of each of PMOS transistor 101 and
NMOS transistor 102 as constant as possible, such that each of these {inal transistors
has an output resistance approximating the linear output resistance being the target
resistance {e.g2., R = 50 ohm) in the 0 - VDDQ/2 range.
{80261 While VDDQ of 1.8 V 1s used in the simulations discussed with results
presented in this document as an example for illustration and demonstration, the
present subject matter can be applied to any supply voltage range. In various
embodiments, VDD can be any voltage suitable for powering a memory device
{e.g., any voltage inthe range of 0.5 Vio 5 V).
166271 FIG. 4 18 a cirenit diagram illusirating an example of an output stage
circuif 410 coupled to a power supply 411, Circuit 410 includes one or more output
butfers 400. Circuit 410 can be used to run simulations for analyzing various
designs aimed at improving signal integrity at a data output. For purpose of
stmulations that generate results illustrated in FIGS. 3-9, one or more output buffers
480 are each a circuit of output buffer 100. For the simulations, the “ideal case”
refers to the case in which one or more output buffers 400 include a single output
bufter 100. To simulate a practical case, one or more output buffers 400 include
multiple output buffers each being one output buffer 100. To each output buffer
400 being analyzed, the other output buffers are referred to as aggressors as they
generate electromagnetic interferences affecting the performance of the outpnt
butfer being analyzed.
[6628] n the Hlustrated example, circuit 410 inclades a power supply 411 to
provide VDDQ and VSSQ (1.8 V and 0 V in the simulations), A VDDQ ball 412
represents the VD conoection point of a device that inclades the llustrated

circuit {with the “ball” referring to a solder ball in a ball grid array device package).

~3
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VDO _BALL refers to the voltage at VDDQ ball 412, A VSS{ ball 413
represents the VSSQ connection point of the device, VSSQ_BALL refers to the
voltage at VSSQ ball 413, Inductors 414, 415, 416, and 417 represent metal trace
inductances. When the stmulation inciudes multiple output buffers 400, inductor
414 (2 uH used for the simulation) represents the inductance between VDD ball
412 and a branching point where YDDQ _BALL supply lines to output buffers 400
branch out. Inductor 416 (4 nH uased {or the simulation) represents the inductance
between branching point and VDI pads 418 coupled to output buffers 400.
Inductor 415 (2 nH used for the simulation) represents the inductance between ball
413 and a branching point where YS5Q_BALL supply lines to output buffers 400
branch out. Inductor 417 (4 nH osed for the simulation) represents the inductance
between branching pownt and V3SQ pads 419 coupled to output buflers 400. When
the simulation includes a single output buffer 400, inductor 414 (2 nH used for the
simulations) and inductor 416 (4 nH ased for the simulations) represent the
inductance between VDD ball 412 and one VDD pad 418 coupled to the single
output buffer 400, Inductor 415 (2 nH used for the simulations) and inductor 417 (4
nH used for the simulations) represent the inductance between VS5(} ball 413 and
one V8SQ pad 419 coupled to the single output butfer 460, V{IN) represents the
signal at DQ_PAD, the output of output buffer(s) 400, to be received by a signal
receiver. A capacitor 421 (3 pF used for the simulations) represents the output
capacitance at a data output pad (DQ_PAD). The data speed is countrolled at 3.0
Yins (350 ps turn-on time} for each of the PMOS and NMOS transistors in output
buffer(s) 400.

16629 FIG. 5 is a graph showing an example of an eye-diagram of V{IN)
resulting from the simulation using circuit 410 and power supply 411, with a single
output buffer 400 (i.e., the ideal case}. Ap “eye-diagram” (also known as “eye-
pattern’”) is an oscilloscope-type display with the vertical input being a repetitively
sarupled digital signal and the horizontal sweep iriggerved by the data rate of the
digital signal. An “eye-opening” in the eye diagram is indicative of signal-to-noise
ratio (SNR) of a signal, with bigger eye-opening correspounding to higher SNR. One

way to measure the eye-opening is to draw a trapezoid, as shown in FIG. 5. The
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trapezoid has a first base: between 20% and 80% of the voltage supply (VDDQ-
V5S5Q) and a second base between 30% and 70% of the voltage supply. A
horizontal eye-opening percentage can be calculated by dividing the altitude of the
trapezoid using the bit period (i.¢e., the reciprocal of the data rate). This horizontal
gye-opening percentage represents the percentage of time during which the signal (a
data bit) is sufficiently good. For the ideal case, the simulation shows that the
horizontal eye-opening percentage is 86%.

{66381 FIG. 6 is a graph showing an example of gate voltages of final transistors
of multiple output buffers resulting from the simulation using circuit 410 and power
supply 411, and FIG. 7 15 a graph showing an example of the corresponding eye-
diagram of V{IN)}. No capacitor is coupled between VDD and VSSQ lines. To
sunulate a practical case, a 16 output buffer 400 15 included (1.e., 15 aggressors for
each output buffer 400). The graphs in FIGS. 6 and 7 ilustrate the problem in the
practice case approximating the real environment of a device. The sumulation
shows that the horizontal eye-opening percentage is 50%.

16631} FIG. 8 1s a graph showing an example of gate voltages of the {inal
transistors of the multiple output buffers resulting from the simulation asing circuit
410 and power supply 411 being an ideal voltage source, and FIG. 9 15 a graph
showing an example of the corresponding eye-diagram of V{IN}. The difference
between the simulation of FIGS. 6 and 7 and the simulation of FIGS. § and 9 1s that
latter uses an ideal voliage source that supplies constant voltages regardiess of the
variances in the load impedance that occur in practice, particular at high date rates.
This ideal voliage source operates as if there i1s a capacitor having infinite
capacitance coupled between VBDQ_BALL and VSS{3_BALIL. The simulation
shows that the horizontal cyc-opening percentage is 80%.

[6632] It has been observed that the case with the ideal voltage source is very
stmilar to a practice case in which a capacitor having a large capacitance is coupled
between the voltage supply Hines. It is possible (o achieve the result as illustrated in
FIG. 9 in practice by providing the large capacitance using a capacttor simall cnough
to fit 1nto an electronic device such as a memory device. The simulations have

shown that a 100-pF capacitor coupled between YDDQ pad 418 and V550 pad 419
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for each output buffer 400 provides results very similar to those shown in FIGS. 8
and 9.

{66331 The present subject matter can provide the same performance with
capacitors having a total capacitance smaller than the large capacitance or a better
performance with capacitors having a total capacitance equal to the large
capacitance. For example, it provides for the same horizontal eye-opening
percentage using a sroaller total capacitance {(and hence smaller space) or a higher
horizontal eye-opening percentage using the same total capacitance.

[6634] FI1G. 10 1s a block diagram illustrating an example of an output buffer
1000 and a pre-buffer filtering circuit 1030, In various embodiments, output buffer
1000 and pre-buffer filtering circuit 1030 can be part of an electronic device such as
a memory device. The electronic device can include multiple outpat buffers 1000,
in one embodiment, one pre-buffer filtering circuit 1030 is used to supply power to
each output butfer of the multiple output buflers 1000. To another embodiment, one
pre-buffer filtering circuit 1030 is used to supply power o two or more output
buffers of the multiple output buffers 1000, In yet another embodiment, one pre-
buffer filtering circuit 1030 1s used to supply power to all of the multiple output
buffers 1000.

188351 The portions of the electronic device illustrated in FIG. 10 includes a
VDD node, a VSSQ node, pre-buffer supply filtering circuit 1030, and output
bufter 1000. VDDQ and VSSQ refer to VDD (drain supply voltage) and V3S
{source supply voltage}. respectively, for the output stage of the electronic device
that can be the same as or different from the VDD and VS {or other stages of the
electronic device.

16636] Pre-buffer supply filtering circuit 1030 can include a filtered VDDQ
node, a filtered VSSQ node, a sapply capacitor 1033 (C3) coupled between the
VDDQ node and the VSSQ node, a pre-bulter supply filter 1031 coupled between
the V5853 vode and the filtered VSSQ node, and a pre-bufier supply Glter 1032
coupled between the VDD node and the filtered VBDQ node. Pre-buffer supply

filters 1031 and 1032 are each a low-pass {ilter.
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80371 OCutput buffer 1060 can include a data input (IN) node, a data output
(DQ) node, final PMOS transistor 101, final NMOS transistor 102, a pre-buffer
1003, and a pre-buffer 1004, PMOS transistor 101 has a PMOS source coupled to
the YD node, a PMOS drain coupled to the DQ node, and a PMOS gate. NMOS
transistor 102 has an NMOS soorce coupled to the VESQ node, an NMOS drain
coupled to the DQ} node, and an NMOS gate. Pre-buffer 1003 is coupled between
the VDDBQ node and the filiered VESQ node to receive power, and coupled between
the IN node the PMOS gate to drive PMOS transistor 101 using an input data signal.
Pre-bufter 1004 is coupled between the filtered VDDQ node and the VSSQ node to
receive power, and coupled between the IN node and the NMOS gate to drive
NMOS transistor 102 using the input data signal.

16638] FIG. 11 is a circuit diagram illustrating an example of an ontput buffer
1100 and a pre-buffer filtering circuit 1130, In various embodiments, output buffer
1100 and pre-buffer [liening civcunt 1130 can be part of an electronic device such as
a memory device. Qutput buffer 1100 can present an implementation example of
output buffer 1000, Pre-butfer filtering circuit 1130 can represent an
implementation example of pre-buffer filtering circuit 1030.

{00391 The portions of the electronic device illustrated in FIG. 11 includes a
VDO node, a VSS{ node, pre-buffer supply filtering circnit 1130, and ocutput
buffer 1100, VDD and VSS5Q refer to VDD (drain supply voltage) and VS5
{source supply voltage), respectively, {or the output stage of the electronic device
that can be the same as or different from the VDD and VSS for other stages of the
electronic device,

156461 Pre-buffer supply filiering civcuit 1131 inclades a {iltered VBD(Q
(VDDQ_FILT) node, a filtered VSSQ (VSSQ_FILT) node, supply capacitor 1033
{{_3) coupled between the VDIDQ node and the VS5Q node, a pre-buffer supply
filter 1131 to produce the VS3Q_FILT, and a pre-butfer supply filter 1132 1o
produce the VDD _FILT. Pre-buller supply {dter 1131 cao represent an exarople
of pre-buffer supply filter 1031 and includes a filter resistor 1135 (R1) coupled
between the VS5 node and the VSSQ_FILT node and a Gilter capacitor 1136 (C1)
coupled between the VDDQ node and the VSSQ_FILT node. Pre-buffer supply

i
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filter 1132 can represent an example of pre-buffer supply filter 1032 and includes a
filter resistor 1137 (R2) coupled between the VDD node and the VDDQ_FILT
node and a filter capacitor 1138 {{2) coupled between the VES(Q node and the
VDDQ FILT node.

16641} Gutput bufler 1100 1s coupled between the VDDQ node and the VSSQ
node and includes a data input {IN} node, a data output (DQ}) node, final PMOS
transistor 101, final NMOS transistor 102, a NAND gate 1103, and a NOR gate
1104, PMOS transistor 101 has a PMOS source coupled to the VDD node, a
PMOS drain coupled to the D} node, and a PMOS gate. NMOS transistor 102 has
an NMOS source coupled to the VS5 node, an NMOS drain coupled to the DQ
node, and an NMOS gate. Optionally, as iHlustrated in FIG. 11, output buffer 1100
can wnchude a PMOS output resistor 1139 and an NMOS output resistor 1140
PMOS output resistor 1139 can be coupled between the PMOS drain and the DO
node, and NMOS output resistor 1140 can be coupled between the NMOS drain and
the D} node, for linearizing an output resistance of output buffer. NAND gate 1103
can represent an example of pre-buffer 1003 and is coupled between the VDDOQ
node and the VSSQ_FILT node to be powered using the VDD and the
VSSQ_FILT, and coupled between the IN node and the PMOS gate to drive PMOS
transistor 101 using an input data signal when being enabled. NAND gate 1103 has
a NAND gate data input coupled to the IN node to receive the input data signal, a
NAND gate enable input to receive an eoable signal (EN), and a NAND gate output
coupled to the PMOS gate. NOR gate 1104 can represent an example of pre-buffer
1004 and is coupled between the VDDOQ_FILT node and the VSSQ node to be
powered using the VDIDQ _FILT and the V585(}, and coupled between the IN node
and the NMOS gate to drive NMOS transistor 102 using the input data signal when
being enabled. NOR gate 1104 has a NOR gate data input coupled o the IN node to
receive the input data signal, a NOR gate enable input (o receive a disable signal
(EN_N, complemeniary to EN}, and a NOR gate output coupled to the NMOS gaie.
[6842] Capacitors 1136 and 1138 have capacitances 1 and C2, respectively,
that are determined based on the gate capacitance valoes of PMOS transistor 101

and NMOS transistor 102, In various embodiments, C1 and C2 can have difference
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values because the final PMOS and NMOS transistors have different gate
capacitance values. Pre-buffer supply filters 1131 and 1132 can have the same cut-
off frequencies. Thus, Resistors 1135 and 1137 have resistances R1 and R2,
respectively, that are determined for R1-C1 = R2-C2. Valuesof CI, R1, C2, R2,
and 3 can be determined with aid of simulations.

[6843] FIG. 12 is a graph showing an example of an eye-diagram of V{IN)
resulting from the simulation using circuit 410 and power supply 411, with 16
output buffers 400 each including output buffer 1100 and pre-buffer filtering circuit.
Component values used in the simulations included C1 = 32 pF, Rl = 150 ohm, C2
= 16 pF, R2 = 300 ohm, and €3 = 52 pF. The simulation shows that the horizontal
eye-opening percentage is 86%. Thus, comparing with the output buffers with C =
100 p¥F without pre-baffer filters, pre-buffer filiering circuit 1130 mproves the
horizontal eye-opening percentage by 6% using the same total capacitance (i.e., Cl
+ 2+ (3 = 100 pb).

{6844 Thus, comparing to a single capacitor coupled between VDDQ and
V5S5Q, pre-butfer filtering circuit 1130 can provide for either higher horizontal eye-
opening percentage using the same total capacitance or the same horizontal eye-
opening percentage using a smaller total capacitance. In various embodiments,
resistance and capacilance values for the pre-buffer filtering circuit can be adjusted
based on the drain {o source currents and gate capacitances of the final PMOS and
NMOS traosistors.

[6645] F1G. 13 1s a flow chart illustrating an example of a method 1350 for
driving a pair of final PMOS and NMOS transistors 1o a data output stage of an
electronic device. The pair of {inal PMOS and NMOS transistors are coupled
between power supply Hnes carrying a first voltage supply signal and a second
voltage supply signal. Method 1350 can be performed, for example, in an electronic
device including output butfer 1000 and pre-buffer filtering circuit 1030,

{30461 AL 1351, a first pre-butfer is used to drive the PMOS transistor. The fivst
pre-buffer has a first pre-buffer data input to receive an input signal and a first pre-
bufter output coupled {o the gate of the PMOS transistor. At 1352, a second pre-

buffer is used to drive the NMOS wransistor. The second pre-buffer has a second
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pre-buffer data input to receive the input signal and a second pre-buffer output
coupled to the gate of the NMOS transistor. In various embodiments, the clectronic
device includes a memory circuit, and the input signal is received {rom the memory
circuit. Exampies of the memory circuit include a DRAM circuit and a FeRAM
circuit.

16847] At 1353, the first and second voltage supply signals are stabilized by
providing a supply capacitor coupled between the power supply lines carryiog the
first and second voltage supply signals.

{6048} At 1354, a first voltage supply signal is low-pass {iliered using a first
supply filter. At 1353, a second voltage supply signal is low-pass filtered using a
second supply filter. In various embodiments, the first supply filter has a filtering
circuit including a first filter resistor (R1) and a first filter capacitor (C1), and the
second filtering circuit has a filtering circnit including a second filter resistor (R2)
and a second filier capacuor (C2). Capacitance values of Cl and C2 can be
determined based on gate capacitance values of the PMOS transistor and the NMOS
transistor. Resistance values of R1 and R2 can be determined based on the
determined capacitance values of C1 and C2, respectively, and the desired cut-off
frequency of the first and second supply filters.

15649 At 1350, the filtered first voltage sapply signal is used to power the first
pre-buffer. At 1357, the filtered second voliage supply signal is used to power the
second pre-bulfer. In one embodiment i which the elecironuce device includes
multiple output buffers each including a pair of the first and second pre-buffers,
rultiple pairs of the first and second supply filters are provided. The filiered first
voltage supply signal prodaced by each first supply filter is used to power a single
first pre-bufler of the multiple output buffers, and the {iltered second voltage supply
signal produced by each second supply filter 1s used o power a single second pre-
buffers of the multiple output buffers. In another embodiment in which the
electronic device includes muoltiple output buffers each including a pair of the first
and second pre-buffers, one or more pairs of the first and second supply filters are
provided. The Giltered first voltage supply signal produced by each first supply filter

is used to power two or more first pre-buffers of the multiple output butfers, and the
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filtered second voltage supply signal produced by each second supply filter ts used
to power two or more second pre-buffers of the multiple output bulfers. In yet
another embodiment in which the electronic device includes multiple output buffers
cach including a pair of the first and second pre-buffers, a single pair of the first and
second supply filters is provided. The filtered first voliage supply signal produced
by the first supply filter is used to power all the first pre-buffers of the mulliple
output buffers, and the filiered second voltage supply signal prodaced by the second
supply filter is used to power all the second pre-buffers of the multiple output
buffers.

15656 In various embodiments, the first voltage supply signal is an output stage
source supply voltage (VSSQ) signal, and the second voltage supply signal is an
output stage drain supply voltage (VDDQ) signal. Low-pass filtering the first
voltage supply includes low-pass filtering the VS5 signal, and low-pass filtering
the second veoltage supply includes low-pass filtering the VDDQ signal. The first
pre-buffer is powered using the VDD signal and the filtered VSSQ signal, and the
second pre-buffer is powered using the {iltered VDDQ) sigral and the VS5Q) signal.
(66511 FIG. 14 is a block diagram illustrating an example of an electronic
device 1460 mcluding a memory circuit 1462, one or more output buffers 1000, and
one or more pre-buffer filtering civcuits 1030, In various embodiments, electronic
device 1460 is a memory device, such as a DRAM device or a FeRAM device.
Cutput buffers 1000 can be used, for example, to hold output data uniil they are read
by a data receiver, thereby allowing multiple data outputs to be connected to a
common data bus. Accuracy of the data received from the memory device depends
on the integrity of the signals cutput from output buffers 1000

[6632] The present subject matter provides {or improvement of the signal
integrity of output buffers 1800 and/or reduction of the circuit size for electronic
device 1460. The wmprovement of the signal integrity allows electronic device 1460
to handle wncreased data rates.

{6853] For example, when compared to the technigue of using a supply
capacitor coupled between the VDD and VS5 nodes, using pre-bulier filtering

circuit 1030 can improve the signal integrity without requiring more total
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capacitance, or can provide the same signal integrity with less total capacitance.
Capacitor(s) required for stabilizing the supply voltage signals can contribute to the
overall physical size of electronic device 1460 significantly. Thus, the present
subject matter can allow for higher speed operations of electronic device 1460
without increasing its physical size.

{6854} Some non-limiting examples (Examples 1-20) of the present subject
matter are provided as follows:

[G655] In Example 1, an electronic device may include an output stage drain
supply voltage (VDD(J) node to provide a VDD, an output stage source supply
voltage (VS5(3) node to provide a VS5Q, and a pre-buffer supply filtering circuit,
and one or more output buffers. The pre-buffer supply filtering circuit may include
a supply capacitor coupled between the VDDQ node and the VSSQ node, a low-
pass first supply filter configured to {ilter the VS5Q, and a low-pass second supply
filter configured to filier the VDDQ. The one or more output buffers may each be
coupled to the pre-buffer filtering circnit and may cach include a data output, a final
p-channel metal oxide semiconductor (PMOS) transistor, a final n-channel metal
oxide semiiconductor (NMO5) transistor, a first pre-buffer, and a second pre-buffer.
The final PMOS transistor may include a PMOS source to receive the VDD, a
PMOS drain coupled to the data output, and a PMOS gate. The final NMOS
transistor may include an NMOS source to receive the V55Q., an NMOS drain
coupled to the data output, and an NMOS gate. The {irst pre-bufler may be
configured to be powered using the VDDQ and the filtered VS5Q and coupled to
the PMOS gate to drive the PMOS transistor. The second pre-buffer may be
configured to be powered using the filiered VDDQ and the VS5Q} and coupled to
the NMOS gate to drive the NMOS transistor.

[G656] fn Example 2, the subject matter of Example 1 may optionally be
configured to include a memory device including the VDDQ node, the VS5 node,
the pre-buffer supply filtering circuit, and the one or more output buffers.

{6857} In Example 3, the subject matter of any one or any combination of
Examples 1 and 2 may optionally be configared such that the one or more output

buffers include a single cutput buffer coupled to the pre-buffer supply filtering
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circuif, and the memory device includes multiple sets of the single output buffer
coupled to the pre-buffer supply filtering circuit.

[G658] in Example 4, the subject matter of any one or any combination of
Examples 1 and 2 may optionally be configured such that the one or more output
buffer inclade multiple oniput butfers coupled to the pre-buffer supply filtering
circuit, and the memory device includes multiple sets of the multiple output buffers
coupled to the pre-buffer supply filtering circuit.

(6659 in Example 3, the subject matter of Example 2 may optionally be
configured such that the memory device includes a dynaroic random aceess memory
{DRAM) device.

{6068 In Example 6, the subject matter of Exaruple 2 may optionally be
configared such that the memory device inchudes a ferroelectric random access
memory (FeRAM) device.

16061 In Example 7, an electronic circuit may include an output stage drain
supply voltage (VDDQ) node, an output stage source supply voltage {VS5(}) node,
a pre-buffer supply filtering circuit, and onc or more output buffers. The pre-bufter
supply filtering circuit may inchide a supply capacitor conpled between the VDD
node and the VSSQ node, a filtered VDD node, a {iltered VSSQ node, a low-pass
first supply filter coupled between the VS55Q node and the {iltered VS8S{3 node, and
a low-pass second supply filter coupled between the YVDD(} node and the filtered
VDD node. The one or more ouiput bufters may each include a data input (IN)
node, a data output (D) node, a final p-channel metal oxide semiconductor
(PMOS} transistor, a {inal n-channel metal oxide semiconductor (NMOS) transistor,
a first pre-buffer, and a second pre-buffer. The final PMOS traunsistor may include a
PMOS source coupled to the VDDQ node, a PMOS drain coupled to the D@ node,
and a PMOS gate. The {inal NMOS transistor may include an NMOS source
coupled to the VS5Q node, an NMOS drain coupled to the D} node, and an NMQOS
gate. The first pre-buffer rnay be coupled between the VDDQ node and the filtered
VS5{} node to be powered and coupled between the IN node the PMOS gate to

drive the PMOS transistor. The second pre-buffer may be coupled between the
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filtered YDDQ node and the VSSQ node to be powered and coupled between the IN
node and the NMOS gate to drive the NMOS transistor.

[6662] in Example 8, the subject matter of Example 7 may optionally be
configured such that the one or more output buffer include a single output buifer.
15663] In Example 9, the subject matter of Example 7 may optionally be
configured such that the one or more cutput buffer include multiple output buffers.
16664 In Example 10, the subject matier of any one or any combination of
Examples 7 to 9 may optionally be configured such that the first supply filter
includes a first filter resistor (R1) coupled between the VS5 node and the filtered
VS5 node and a first filter capacitor (C1) coupled between the VD) node and
the filtered V5SS node, and the second supply filter includes a second filter resistor
(R2) coupled between the VDDQ node and the filtered VDD vode, and a second
filter capacitor {C2) coupled between the Y55 node and the filtered VDDQ node.
13668] In Example 11, the subject matter of any one or any combination of
Examples 7 to 10 may optionally be configured such that the one or more output
buffers each further include a PMOS output resistor coupled between the PMOS
drain and the DQ node and an NMOS output resistor coupled between the NMOS
drain and the DO node.

180661 In Example 12, the subject matter of any one or any combination of
Examples 7 to 11 may optionally be configured to further include an enable signal
(EN) and a disable signal (EN_N) node, and such that the first pre-buffer includes a
NAND gate including a first pre-buffer data input coupled to the IN node, a first
pre-buffer enable input coupled to the EN node, and a first pre-buffer cutput
coupled to the PMOS gate, and the second pre-buffer comprises a NOR gate
including a second pre-buffer data input coupled to the IN node, a second pre-buffer
enable input coupled to the EN_N node, and a second pre-buffer output coupled to
the NMOS gate.

15667] In Example 13, the subject matter of any one or any combination of
Examples 7 to 12 may optionally be configured to include a memory circuit coupled

to the IN node. The memory circuit is configured to store data.
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180681 In Example 14, a method for driving a pair of final p-channel metal
oxide semiconductor (PMOS) transistor and final n-channel metal oxide
semiconductor (NMOS) transistor in a data output stage of an electronic device is
provided. The method may inciude using a {irst pre-buffer to drive the PMOS
transistor, the irst pre-buf{er having a fivst pre-buffer data input to receive an input
signal and a {irst pre-buffer output coupled to the gate of the PMOS transistor, using
a second pre-butfer to drive the NMOS fransistor, the second pre-buffer having a
second pre-buffer data input to receive the input signal and a second pre-buffer
output coupled to the gate of the NMOS transistor, low-pass {iltering a first voltage
supply signal using a first sapply filter, using the filtered first voltage supply signal
to power the first pre-buffer, low-pass filtering a second voltage supply signal using
a second supply filter, using the {iltered second voltage supply signal to power the
second pre-buffer, and providing a supply capacitor coupled between power supply
fines carrying the first voltage supply signal and the second voltage supply signal.
[6669] In Example 15, the subject matter of Example 14 may optionally further
include powering the first pre-buffer using an output stage drain supply voltage
(VDIDQ) signal and a filtered ountput stage source supply voltage (V3SQ) signal and
powering the second pre-buffer using a filtered VDD signal and the VSS5Q signal,
the subject matter of low-pass {iltering the {irst voltage supply as found in Example
14 may optionally include low-pass filtering the VS5Q signal, and the subject
matter of low-pass {iliering the second voliage supply as found in Example 14 may
optionally include low-pass filiering the VDD signal.

16674] In Example 16, the subject matter of using the first supply filter as found
in any one or any combination of Examples 14 and 15 may optionally include using
a filtering circuit including a first filter resistor (R1) and a fivst filter capacitor (C1),
the subject matter of using the second supply {ilter as found in any one or any
combination of Examples 14 and 15 may optionally include using a filtering circuit
wnclading a second filter resistor (R2) and a second filter capacitor (C2).

(6671} In Example 17, the subject matter of Example 16 may optionally further

include determining capacitance values for the first filter capacitor and the second
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filter capacitor based on gate capacitance values of the PMOS transistor and the
NMOS transistor.

(66721 In Example 18, the subject matter of any one or any combination of
Examples 14 to 17 may optionally further include receiving the input signal from a
Hemory circuit.

{6873] In Example 19, the subject matter of receiving the input signal from a
memory circuit as foand in Example 18 may optionally include receiving the input
signal from a dynamic random access memory {BRAM) circuit or a ferroelectric
random access memory (FeRAM) circuit,

188741 In Example 20, the subject matter of any one or any combination of
Examples 14 to 19 may optionally further include powering multiple pairs of the
first pre-bufler and the secound pre-buffer, which nclodes using the Giltered first
voltage supply signal to power multiple first pre-buffers of the multiple pairs of the
first pre-butfer and the second pre-buffer and using the filtered second voltage
supply signal to power multiple second pre-buffers of the multiple pairs of the first
pre-buffer and the second pre-buffer)

{6675} The above detatled description includes references to the accompanying
drawings, which form a part of the detailed description. The drawings show, by way
of llustration, specific embodiments in which the invention can be practiced. These
embodiments are also referred to herein as “examples”. Such examples can include
elements in addition to those shown or described. However, the present inventors
also contemplate examples in which only those elements shown or described are
provided. Moreover, the present inveniors also contemplate examples using any
combination or permulation of those elements shown or described {or one or more
aspects thereof), either with respect to a particular example (or one or more aspects
thereof), or with respect to other examples {or one or more aspects thereof) shown
or described herein.

88761 It will be understood that when an element is referred to as being “on,”
“connected to” or “coupled with” another element, it can be directly on, connected,
or coupled with the other element or intervening clements may be present. In

contrast, when an element is referred to as being “directly on,” “directly connected

20



WO 2022/010909 PCT/US2021/040529

wh

10

15

20

to” or “directly coupled with” another element, there are no intervening elements or
fayers present. If two elements are shown in the drawings with a line connecting
them, the two elements can be either be coupled, or directly coupled, unless
otherwise indicated.

88771 The above description is intended to be Hlustrative, and not restrictive.
For example, the above-described examples {or one or more aspects thercof) may be
used in combination with each other. Gther erobodiments can be used, such as by
one of ordinary skill in the art upon reviewing the above description. The Abstract
is provided to comply with 37 CF.R. §1.72(b), to allow the reader to quickly
ascertain the nature of the technical disclosure. It is submitted with the
understanding that it will not be used to interpret or limit the scope or meaning of
the claims. Also, in the above Detailed Description, various features may be
grouped together to streamline the disclosure. This should not be interpreted as
intending that an voclaimed disclosed feature 1s essential to any claim. Rather,
inventive subject matter may lie in less than all features of a particular disclosed
embodiment, Thus, the following claims are hereby incorporated into the Detailed
Description, with each claim standing on its own as a separate embodiment, and it is
contemplated that such erabodirnents can be combined with cach other in various
combinations or permutations. The scope of the invention should 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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WHAT IS CLAIMED IS:

1. An electronic device, comprising:

a data output;

a pair of final complementary metal oxide semiconductor (CMUOS)
transistors coupled to the data output;

a pair of pre-buffers cach coupled to a respective transistor of the pair of
final CMOS transistors and configured to drive that transistor and to receive a
filtered supply voltage signal;

a pair of low-pass filters each having an input (o receive an output stage
supply voltage signal and an output coupled to a respective pre-buffer of the pair of
pre-buffers and configured to produce the [iltered supply voltage signal to be
received by that pre-buffer by filtering the received output stage supply voltage
signal; and

a supply capacitor coupled between the inputs of the pair of low-pass filters.
2. The electronic device of claim 1, further comprising a memory circuit
coupled to the pair of pre-buffers.

3. The electronic device of claim 2, wherein the memory circuit comprises a

dynamic random access memory (DRAM) circuit.

4. The electronic device of clairo 2, wherein the meroory circuit comprises a

ferroelectric random access memory (FeRAM} circuit.

~

3. The electronic device of claim 2, wherein the electronic device is configured

to be powered using a supply voltage inarange to 0.5 Vio 5 V.

6. The electronic device of claim 5, wherein the supply voltage 1s 1.8 V.
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The electronic device of claim 2, further comprising:
one or more additional data outputs;
one or more additional pairs of {inal CMOS transistors each coupled to a
data output of the one or more additional data outputs; and

one or more additional pairs of pre-buffers each coupled to a respective
transistor of a pair of final CMOS transistors of the one or more additional pairs of
final CMQOS transistors and configured to drive that transistor and to receive the

{iltered supply voltage signal.

S. The electronic device of claim 1, wherein the low-pass filters each comprises

a resistor and a capacitor,

8. The electronic circuit of claim 1, further comprising a pair of resistors each
coupled between a drain of a transistor of the pair of final CMOS transistors and the

data output.

10. A method, comprising:

using cach pre-buffer of a pair of pre-buffers to drive a pair of final
complementary metal oxide semiconductor (CMOS) transistors in a data output
stage of an electronic device;

filtering output stage supply voltage signals to produce voltage supply
signals powering the pair of pre-buffers using a pair of low-pass filters each coupled
to a respective pre-butfer of the pair of pre-buffers; and

providing a supply capacitor coupled between power supply lines carrying

the cutput stage voltage supply signals.

1L The method of claim 10, furthering comprising using the pair of pre-butfers

and the pair of final CMOS transistors as an output buffer of a memory device.
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12. The method of claim 11, comprising using the pair of pre-buffers and the
pair of final CMOS transistors as an output buffer of a dynaric random access

memory (BRAM) device.

wh

13. The method of claim 11, comprising using the pair of pre-buffers and the
pair of final CMOS transistors as an output buffer of a ferroelectric random access

memory (FeRAM) device.

14. The method of claim 10, wherein iltering the output stage supply voltage
10 signals to produce the voltage supply signals powering the pair of pre-buffers
COMPrises:
filtering an output stage drain supply voltage (VDBDQ) signal to produce a
filtered VDD signal;
filtering an output stage source supply voltage (VSS5Q)) signal to produce a
15 filtered VSSQ signal;
powering a first pre-buffer of the pair of pre-buffers using the VDD signal
and the filtered VSS€} signal; and
powering the seccond pre-buffer of the pair of pre-buffers using the filtered

VD) signal and the VS5{} signal.

20
15. The method of claim 14, wherein using the pair of low-pass filters
comprising using low-pass {ilters each including a resistor and a capacitor.
16. A method, comprising:

25 holding output data from a memory circuit using output buttfers each

including a pair of {inal complementary metal oxide semiconductor {CMOS)
transistors and a pair of pre-buffers each configured to drive a respective transistor
of the pair of {inal CMOS transistors;

using one or more pairs of low-pass filters to produce voltage supply signals

30 powering the pairs of pre-buffers of the output buffers by filtering output stage

24
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supply voltage signals, the one or more pairs of low-pass filters each powering one
or more pairs of pre-buffers of one or more ocutput butfers of the output buffers; and
providing a supply capacitor coupled between power supply lines carrying

the output stage voltage supply signals.

17. The method of claim 16, comprising using one pair of low-pass filters of the
one or ore pairs of low-pass {Uters to power the pair of pre-butfers of each output

buffer of the output buffers.

8. The method of claim 16, comprising using one pair of low-pass filters of the
one or more pairs of low-pass filters to power the pairs of pre-buffers of two or

more output buffers of the output buffers.

19. The method of claim 16, wherein using one or more pairs of low-pass {ilters

comprises using low-pass filters cach including a resistor and a capacitor.

20. The method of claim 19, further comprising determining a capacitance of the
capacitor of each low-pass filter of the pair of low-pass filters based on a gate
capacitance of the respective transistor of the pair of {inal CMOS transistors driven

by the pre-buffer coupled to the each low-pass filter.

o]
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