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Abstract
This work presents a 800 MHz 2VDD output buffer with PVTL (Process, Voltage, Temperature, Leakage) detection
techniques to reduce slew rate (SR) variation. The threshold voltage (Vth) of MOS transistors varying with PVT is detected
such that Output buffer will turn on different current paths correspondingly to decrease or increase the compensation
current. Moreover, the slew rate is adjusted by Delay buffer and the leakage current sensor which compensates the dynamic
and static currents, respectively. Most important of all, a deterministic sizing optimization method for the output transistors
is reported and analyzed. The proposed design realized using a typical 90 nm CMOS process shows that the maximum data
rate is 450/800 MHz given supply voltage 1.0/1.8 V with PCB and SMA connectors. The SR variation is reduced over 43%
after the compensation of the leakage detection. The core area of the prototype is 0.056  0.439 mm2 , and the power
consumption is 68.9/98.5 (lW/MHz) at 450/800 MHz, respectively.
Keywords PVTL variation  I/O buffer  Threshold voltage detection  Floating N-well circuit  Gate-oxide reliability 
Slew rate compensation  Mixed-voltage tolerant

1 Introduction
Slew rate (SR) performance and data rate are required in
many I/O design buffers, e.g., ATA, PCI, PCI-express,
UDMA [1], etc. However, conventional I/O buffers, e.g.
[2], were focused on multi-voltage tolerance with gateoxide overstress problems rather than SR behaviors under
several environmental variations, namely, process, voltage,
temperature (PVT), and leakage. Mixed-voltage I/O buffers
are always bothered by the mentioned variations, which
have been proved to severely degrade the IC performance.
It has also been demonstrated that the performance of IC is
more reliable with PVT compensations [3]. However, as
nanometer technology keeps developing, the thickness of
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gate oxide becomes thinner which in turn causes a significant leakage current in nano-scale output buffer design.
Analog output buffers based on push–pull and rail-torail topology have also been reported in [4] and [5].
However, their data rate and SR are not adequate for high
speed digital output buffers. Mixed-signal output buffer
demonstrated in [6] utilized stacked MOS transistors,
floating N-well circuit, and gate-tracking circuit to avoid
over-stress problem and the leakage current from drain to
bulk, respectively, where there is no compensation mechanism to cope with different PVT variation hazards. On the
other hand, they still cannot the find out the variations at FS
and SF corners. A PT (process, temperature) sensor and a
PV (process, voltage) sensor were proposed in [7] and [8]
to compensate variation. However, both sensors don’t
achieve complete PVT compensations. Another I/O buffer
with a PVT variation detector, an encoder, and a 2VDD
buffer was reported in [9]. However, it can only detect
three corners, namely TT, FF, SS. An I/O buffer composed
of analog PVT sensors, and a stacking-transistor output
buffer was proposed to reduce the PVT variation impact
[10, 11]. However, not only is its data rate not good enough
to meet certain interface requirement, it also lacks of a
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leakage current sensor for those I/O buffers fabricated
using advanced CMOS processes. Referring to [12],
although leakage compensation has been added in this I/O
design, the speed of data rate still has a lot room to be
improved.
Therefore, this investigation demonstrates an I/O buffer
which can transmit/receive 2VDD voltage with PVTL
compensation. Furthermore, the PVTL compensation may
be a useful technique to meet the recent high-speed serial
interface standards such as [13] and [14].

2.1.1 PMOS and NMOS process sensor
Figure 2(a), (b) shows the schematic of PMOS and NMOS
Process sensor, consisting of 4 PMOS or NMOS transistors, MP901–MP904 or MN901–MN904, respectively. The
detailed functionality of PMOS Process sensor is given as
follows.
1.

2 2 · VDD output buffer circuit design
Figure 1 shows the block diagram of the proposed output
buffer with PVTL compensation, consisting of PVT sensor,
PVT decider, Leakage Current sensor, and Output buffer.
PVT sensor monitors the different variations to generate
corresponding signals. PVT decider quantifies the generated signals to deliver corresponding compensation codes.
Output buffer receives the compensation codes to adjust
slew rate by turning on or off corresponding current paths,
or to maintain the stability of gate bias voltage. Notably,
the clock is an external signal with 100 MHz pulse. The
details of all the blocks mentioned in the above will be
disclosed in the following text.

2.1 PVT sensor
PVT sensor consists of four major blocks [15], i.e., PMOS
Process sensor, NMOS Process sensor, Voltage and Temperature sensor (VT sensor), and Leakage Current sensor.
Process sensors and VT sensor have a similar architecture
with minor differences.

PVT decider

PVT sensor

rst

VBias
generator
PMOS Process
sensor

pout

Voltage &
Temperature sensor

VTout

NMOS Process
sensor

nout

VP

VRP

VVT
comparator2

4.

The steps of NMOS Process sensor is similar to those of
PMOS counterpart. The extraction of threshold voltage
(Vthn) will differentiate NMOS process corners with distinct voltages.
2.1.2 Voltage and temperature sensor
The schematic of Voltage and Temperature sensor is
shown in Fig. 2(c). This circuit is similar to Process sensors, which uses two source followers to generate 2Vthp.
The main difference is that the bulks of MP905 and MP906
in VT sensor are coupled to VDD so that the body effect of
each PMOS will affect the output, VTout. Therefore, by
detecting the variations of Vthp, the temperature and
voltage variations also can be detected simultaneously.

VRN

2.2 PVT decider

Digital
logic
circuit

VN
comparator3

Lo

Po
[3:1]

No
[3:1]

rst2
Output buffer
PAD
Output buffer
DOUT

Fig. 1 Block diagram of the proposed 2VDD output buffer
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3.

comparator1

clock
Leakage Current
sensor

2.

When the reset (rst) is logic 1 (¼ 1.0 V), it turns on
MP903, MP904, and shuts down MP901. Therefore, it
pulls V901 up to VDD to cause the voltage dropping
across V901 and the gate of MP901 (rst) smaller than
Vthp, and then it turns off MP902. Simultaneously,
pout is then charged to VDD.
When the reset (rst) is pulled down to logic 0 (¼ 0 V),
it turns off MP903, MP904, and turns on MP901. V901
is then discharged to Vthp, namely the threshold
voltage of MP901.
Then, after a repeated cycle of step (1) and (2), pout
will be discharged to 2Vthp, which means to amplify
PMOS process variation.
Finally, the output voltage, pout, is then coupled to the
following PVT decider to determine which PMOS
process corner is.

Referring to Fig. 1 again, the functionality of PVT decider
is to receive the outputs of the sensors and generate 2
digital codes, namely Po[3:1] and No[3:1], which indirectly adjust the compensation of Output buffer. PVT
decider is composed of 3 comparators, a VBias generator,
and a Digital logic circuit. Notably, Digital logic circuit
comprises a 6-bit counter, D flip-flops (DFFs), and an
Encoder. When the output voltage of each sensor is over
the reference voltage individually, the comparators generate VP , VVT , and VN , respectively, to stop the counting of
corresponding DFFs (registers). Encoder will generate
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Fig. 2 a PMOS Process sensor, b NMOS Process sensor, c voltage and temperature sensor, d leakage current sensor, e output buffer, and
f leakage current compensator. (Note: the unit of width or length is 10 nm)

Po[3:1] and No[3:1] based on the count of DFFs, where the
outputs code will switch on or off the corresponding
compensation current paths in Output buffer.

2.3 Leakage compensation technique
and output buffer
Referring to Fig. 2(d), Leakage Current sensor is used to
generate Lo. It consists of a Control circuit, an Output stage
replica and a D-type flip-flop (DFF). Regardless of VDDIO
(either 1.0 V or 1.8 V), the characteristics of Output stage
replica and Output stage are identical, where the transistor
1
size of the former is scaled down to 1000
of the corresponding transistor in the latter. Notably, there are also a
Vg1 generator, and a VDDIO detector in Control circuit
just like those in Output Buffer. Therefore, by monitoring
the voltage variation of replica circuit, the over-voltage
hazard will be detected by the comparator. Lo is pulled up
to logic 1 when an over-voltage problem occurs, and vice
versa. Output buffer in Fig. 2(e) consists of Delay buffers,
a Vg1 generator, an Output stage, a VDDIO detector, a
Leakage current compensator, and a Pre-driver. Notably,
the Pre-driver receives input signals, DOUT, Po[3:1],
No[3:1], and then generates 6 control signals, PDOa–c, and
PDO_2a–c. PDOa–c are coupled to Vg1 generator to shift

up voltage levels such that the gate drives, VMP401ag –
VMP401cg , are translated to appropriate voltage drives for
MP401a–MP401c, respectively. PDO_2a–c are coupled to
Delay buffer to delay the turn-on of the corresponding
different current sink paths. Leakage current compensator
is activated to stabilize the bias voltage, VMP402g , when Lo
is logic 1. More details will be disclosed in the next subsection. VDDIO detector will generate corresponding gate
voltage to drive bias voltage VMP402g based on the detected
VDDIO voltage level. Since Vg1 generator, Pre-driver,
VDDIO detector, and Output stage can be realized using
prior circuits [6, 7]. ESD hazard is also considered by using
stacked MOS in Output buffer. According to the prior
research, i.e. Section II-F in [16], the ESD strength of the
stacked output stage can resist 2 kV for HBM (human body
model) and 200 V for MM (machine model), if the current
driving capability is higher than 25 mA. Since the widths
of PMOS and NMOS in our output stage are larger than
those in [16], (1280 lm vs. 720 lm, 640 lm vs. 180 lm),
our design will at least provide the same ESD protection
capability, if not higher. Three featured designs of this
investigation are highlight as follows.
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2.3.1 Leakage compensation mechanism

IGC ¼

Before introducing Leakage Current sensor design, what
kind of leakage currents we are dealing with, and how we
manage to carry out the compensation should be addressed.
According to [17], the gate leakage current IGC , which is
the combination of IGCD and IGCS , is expressed as follows,



KL

Þ

ð1Þ

;

where JG0 is the current density of gate leakage, W and L
are the width and length of MOS transistor, respectively, K
is the parameter correlated to threshold voltage, and B is
the parameter with thickness of oxide and the voltage
between gate and source. Notably, IGC is then proportional
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Fig. 4 Statistics of gate leakage current at different PVT corners
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Fig. 3 a Timing diagram of output stage’s PMOSs with leakage
compensation, b the gate leakage of MP401 vs. V401pd , c simulation
of VMP402g , d simulation of V401pd , and e simulation of Ileakage
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to transistor’s width. If the width of MOS size is enlarged
to achieve better SR performance, the price to pay is poor
efficiency and redundant power loss.
As depicted in Fig. 2(f), Leakage current compensator is
simply composed of a PMOS transistor and an inverter.

The width of MP801 is 20 um in this work, which is
enough to serve as a stabilizer maintaining the voltage
level of VMP402g , but will not become a current supplier.
Notably, when VDDIO ¼ 1.8 V and Lo is logic 1, VMP402g
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Fig. 6 Worst-case transient response among all PVT corners when
VDDIO ¼ a 1.0 V or b 1.8 V
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Fig. 9 Die photo and the block description of the proposed design
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Table 1 Without/with PVTL compensation results at different
VDDIOs
VDDIO

1.0 V

Data rate (MHz)

450

800

Eye jitter (ps)

34.79 ! 8.39

9.4 ! 28.51

Eye width (ns)

0.887 ! 1.04

0.536 ! 0.46

Eye height (V)

0.51 ! 0.73

0.16 ! 0.86

(43.1%)

(437.5%)

0.63 ! 1.25

0.47 ! 1.95

(98.4%)

(314.9%)

55.6 ! 68.9

125.3 ! 98.5

SR improvement (V/ns)
Power per MHz

1.8 V

(lW/MHz)

is pulled up to 1.0 V to increase the stability. The static
leakage current will then be reduced.
Referring to lower left corner of Fig. 3(a), an unstable gate drive of MP402 (dotted line), which might be
caused by the disturbed parasitic capacitors, will make Vgd
of MP401 increase in a short period. As a result, V401pd will
be much lower than VDD to cause overstress problem and
severe gate leakage of MP401. Ileakage of MP401 vs. V401pd
is depicted in Fig. 3(b). MP801 is the stabilizer driven by
Lo as shown in lower left corner of Fig. 3(a) (solid line).
The voltage drop of MP402 gate drive is reduced after
compensation, which will maintain the voltage level of

V401pd quite steady. Therefore, Vgd of MP401 will be
clamped within a tolerant voltage to enhance the SR.
Referring to Fig. 3(c–e), the simulation results of
VMP402g , V401pd , and Ileakage are revealed, respectively. Red
lines denote the waveforms with leakage compensation,
while green lines are those without leakage compensation
by contrast. The voltage drop of green line in
Fig. 3(c) forces V401pd in Fig. 3(d) to be 0.43 V, which
leads significant gate-oxide leakage current around 1000
nA in Fig. 3(e). However, the voltage drop of red line in
Fig. 3(c) is smaller with leakage compensation. The overstress of V401pd in Fig. 3(d) has been reduced to 0.72 V,
which causes smaller leakage current around 600 nA in
Fig. 3(e). Therefore, with the leakage compensation technique, the leakage of gate-oxide is surely reduced. Figure 4
shows the statistics of gate leakage current at different PVT
corners.
2.3.2 Delay buffers
The function of Delay buffers is to reduce the dynamic
leakage current. Referring to Fig. 2(e) again, Delay buffers
are composed of inverter chains, where the symbols in the
figure is for the sake of readability. Referring to Fig. 5(a),
the dotted line indicates before adding Delay buffers,
where the gate drive signal of MN402x (x ¼ a, b, c) leads

Table 2 Performance Comparison of Output Buffers
[9]
TCAS-I

[6]
TCASI

[7]
TCAS-I

[4]
TCAS-I

[5]
EL

[11]
MEJ

[8]
ISCAS

[12]
EL

This
work

Year

2013

2013

2013

2014

2012

2013

2016

2017

2018

Process (lm)

0.09

0.09

0.18

0.5

0.35

0.04

0.09

0.09

0.09

Supply voltage (V)
Buffer type

1.2
Mixed

1.2
Mixed

0.9
Mixed

5
Analog

3.3
Analog

0.9
Mixed

1.0
Mixed

1.0
Mixed

1.0
Mixed

Transmitting voltage mode
(V)

1.2 /2.5

1.2/2.5

0.9/1.8/
3.3

0–5

0–3.3

0.9/1.8

1.0/2.0

1.0/1.2 /
1.8

1.0/1.8

Load Capacitor (pF)

15

20

20

1000

200

20

20

20

20

Data rate (MHz)

125

400/
352

75/95/120

0.05

0.05

500/460

800/500

400/630/
510

450/800

Slew rate (V/ns)

2.1–3.4

N/A

1.28–2.79

7.04
103

2.75
103

N/A

N/A

N/A

1.25/1.95

Process corners

Only TT FF
SS

N/A

All
corners

N/A

N/A

All
corners

All
corners

All corners

All
corners

Compensation

PVT

N/A

PT

N/A

N/A

PVT

PV

PVTL

PVTL

Power (mW)

N/A

0.78

0.427

N/A

N/A

N/A

3.45

N/A

2.36

0.405

1.140

1.178

0.003

0.002

0.409

2.025

2.295

3.6

Worst FOM
FOMy ¼

y
2

Process Datarate
Transmittingvoltagemode
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those of MP401x (x ¼ a, b, c) to result in NMOS transistors
turned on before PMOS transistors turned off. Therefore, it
will cause the current flowing through MP401 and MP402
to disturb the output signal of PAD and degrade the SR.
However, after adding Delay buffers as the compensation
mechanism, the comparison is shown in Fig. 5(b),
(c) which shows that the delay of gate signals is shorten to
increase the slew rate.

compensator stabilizes the gate voltage of MP402g and
prevents the PMOS transistors in Output stage from overvoltage hazards. Moreover, the benefits of leakage current
compensation actually enhance the 1.95 (V/ns) slew rate
and 800 (MHz) data rate, respectively.
Acknowledgements The research was partially supported by Ministry
of Science and Technology, Taiwan, under Grant MOST-105-2218E-110-006- and MOST 107-2218-E-110-004-. The authors would like
to convey thanks and gratefulness to CIC (Chip Implementation
Center), Taiwan, for the assistance of thoughtful chip fabrication.

3 Implementation and measurement
The proposed buffer is fabricated using TSMC 1P6M 90
nm CMOS process without any thick-oxide device. Figure 6(a, b) show the worst-case waveforms of each corner
including voltage and temperature variation when VDDIO
¼ 1.0 V or 1.8 V, respectively. Figure 7(a, b) are the 200
times Monte Carlo histograms when VDDIO ¼ 1.0 V or
1.8 V, respectively. Figure 7(a) shows that 1.0 V has the
worst-case in FS corner, where the standard deviation
increases from 6.78 (V=ls) to 6.31 (Vls). On the other
hand, Fig. 7(b) shows that 1.8 V has the worst-case in SS
corner, where the standard deviation increases from 7.68
(V=ls) to 7.54 (V=ls). Figure 8(a) shows the simulation
transient response of VPAD under different given VDDIO.
Figure 8(b, c) show the voltages of PAD between with
PVTL compensation and without PVTL compensation
given VDDIO ¼ 1.0/1.8 V, respectively. The SR is 0.63/
0.47 (V/ns) before compensation and 1.25/1.95 (V/ns) after
compensation, when VDDIO is 1.0/1.8 V, respectively.
Eye diagrams of output buffer in different scenarios are
given in Fig. 8(d–g). The height of the eye is improved by
43.1%/437.5% when VDDIO ¼ 1.0/1.8 V, respectively.
Figure 9 is the die photo of our design, where the overall
area is 0.989  0.658 mm2 . The area of PVTL detector
(PVT sensor ? PVT decider ? Leakage Current sensor)
and Output buffer are 0.186  0.056 mm2 and 0.245 
0.056 mm2 , respectively. The overall measurements are
tabulated in Table 1. Regarding comparison with prior
works, it is tabulated in Table 2. Notably, our work is the
only one to attain PVTL compensation and achieve maximum data rate 800 MHz when VDDIO ¼ 1.8 V.

4 Conclusion
In the proposed design, the 2VDD output buffer using
PVTL detection is fabricated and realized with TSMC
1P6M 90 nm CMOS process. With the proposed compensation technique, the height of the eye diagram at 800
MHz is 0.86 V, where the height was 0.16 V before
compensation by contrast. Besides, Leakage current
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