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Wide-Range 5.0/3.3/1.8 V 1/O Buffer Using
0.35um 3.3-V CMOS Technology
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Abstract— A 5.0/3.3/1.8 V tolerant I/O buffer implemented
using typical CMOS 2P4M 0.35 um process is proposed in
this paper. Unlike traditional mixed-voltage-tolerant I/O buffers,
the proposed I/O buffer can transmit and receive the signals
with voltage levels of 5.0/3.3/1.8 V. By using stacked PMOShd
stacked NMOS at the output stage and a dynamic gate bias
generator providing appropriate control voltages for the cates
of the stacked PMQOS, the gate-oxide overstress and hot-caer
degradation are avoided. Moreover, gate-tracking and floahg N-
well circuits are used to remove the undesirable leakage ctent
paths. The proposed topology can be applied to any technols
with the constraint of VDD < VDDH < 2 x VDD, which should
be considered carfully in sub-100 nm technologies. Measument
results on silicon verify the function and the gate-oxide réability
of the proposed I/O buffer. The maximum transmitting speed &
the proposed 1/0O buffer is measured to be 80/120/84 Mbps foihie
supply voltage of I/O buffer at 5.0/3.3/1.8 V, respectivelygiven
the load of 29 pF.

Index Terms—fully mixed-voltage-tolerant, I/O buffer, gate-
tracking, floating N-well, level converter

|I. INTRODUCTION

ITH the evolution of CMOS technology, the supply

voltage of the integrated circuit (IC) is scaled down
to reduce power consumption. For example, 5.0 V, 3.3 V, and
1.8 V voltage supplies are needed for @u®, 0.35um, and
0.18 um processes, respectively. When these chips fabricated
by different processes are integrated on a PCB-based system
as shown in Fig. 1 (a), conventional I/O buffers are no longer
suitable to be the 1/O interface. Referring to Fig. 2, thepotit
stage of a traditional /0O buffer is constructed by a PMOS
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and a NMOS transistor. Therefore, the gate-oxide overstreBig. 2. Schematic of traditional /O buffer.

hot-carrier degradation, and the undesirable leakagescurr

path through the unexpected turned-on PMOS at the output

stage, and the activated parasitic diode of the output PM@Sing the stacked-NMOS schematic, the gate-oxide ovesstre
will appear, if a high voltage (VDDH) is biased at the PADand the hot-carrier degradation on the output stage can be

[1]- [3].

avoided when a high supply voltage (VDDH) is applied at
the PAD. In order to remove the two leakage current paths

Mixed-voltage-tolerant 1/O buffers, generally composetft the traditional I/O buffer when VDDH is present, the gate-
of a stacked-NMOS output stage, a gate-tracking circuit, tgacking circuit is employed to trace the voltage on the PAD
floating N-well circuit, and a pre-driver, were introducesl t (VPAD) and then provide an appropriate voltage level, VDDH,
overcome these problems [4]- [7], as shown in Fig. 3. B r the gate of PMOS at the output stage. Thus, the leakage
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current path (from the PAD to VDD) through the PMOS
at the output stage is eliminated. Similarly, the floating N-
well circuit can provide a voltage of VDDH for the N-well

of the output PMOS when the PAD is biased at VDDH in
the receiving (Rx) mode. With the floating N-well technique,
the leakage current through the parasitic diode of the dutpu
PMOS would be removed because the parasitic diode would
not be turned on. Moreover, even the signal which is as high as
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for any other purposes must be obtained from the IEEE by sgrai email to pubs-permissions@ieee.org.
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3 x VDD can be received correctly by using NMOS-blocking
technique [8], [10]. Because the I/O buffers in these prior
works allow the signals with a higher voltage level appeagrin
at the PAD without any hazard, they can receive the signal
from those chips using traditional processes (with highags
levels, VDDH) and advanced process (with low voltage levels
VDDL) as shown in Fig. 1 (b). However, since the mixed-
voltage-tolerant 1/O buffers can not transmit the signaithw
higher voltage levels, the applications are drasticattyitid.
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Fig. 3. Schematic of traditional mixed-voltage-toleraf® buffer.

In order to transmit the signal with high voltage level
(vDDH), VDDH must be supplied at the source of the
PMOS transistor in the output stage no matter how VDDH, ,
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(c) when the output PMOS should be turned on.

Hazards in the traditional mixed-voltage-toler&@ buffer when

is generated. Unfortunately, it will result in three prable VvDDIO is biased at VDDH.

as shown in Fig. 4. Firstly, the traditional gate-trackirguait

and the pre-driver can not provide the required high voltage
VDDH, to turn off the output PMOS in the receiving mode

or to transmit a logic 0, as shown in Fig. 4 (a). Secondly,
even if the gate of the output PMOS can be biased at VDDH,
the gate-drain voltage of the output PMOS is larger than the
constrained voltage (VDD) when 0 V is biased at the PAD, as
shown in Fig. 4 (b). It might cause the damage to the transisto
Thirdly, when VDDH is transmitted, 0 V would be biased at

the gate of the output PMOS, as shown in Fig. 4 (c). With gy
the source of the output PMOS biased at VDDH, the source- 2 pe.
gate voltage is equal to VDDH and the undesired gate-oxide

overstress is resulted.

In order to transmit the signal with voltage level of
VDDH, Chenet al. [11] proposed an output buffer which can
provide an 3.3 V output signal for the 1 V core supply voltage
using a 0.13um CMOS process. To avoid the gate-oxide
overstress, they employed the thick- and thin-oxide device
the design. The thick-oxide devices can sustain a higher gat
voltage such that the gate-oxide reliability can be ensured
However, using the thick-oxide devices would increase the

process cost.

By contrast, this paper proposes a 5.0/3.3/1.8 V tolerant
I/O buffer, which can both receive and transmit the signalk w
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Block diagram of the proposed 5.0/3.3/1.8 V toler#®t buffer.
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either a high voltage level (5.0 V) or a low voltage level (1.8i1 would be pulled up to the full swing to reduce the static
V) without any gate-oxide overstress and leakage curretht pgoower consumption. Besides, Pil pulls Vil up to 3.3 V when
as shown in Fig. 1 (c). The proposed 5.0/3.3/1.8 V tolerddt IVppp = 1.8 V is given. Therefore, if Yop = 5.0/3.3/1.8/0
buffer is implemented using a typical 0.1 CMOS process. V, Din = 3.3/3.3/3.3/0 V.

Moreover, only thin-oxide devices are used in the proposed Qytput stage: In order to keep the gate-oxide reliability,
/O design to reduce the additional process cost required {Qacked PMOS and stacked NMOS are employed. Moreover,

thick-oxide devices. Vgl =5.0V and Vg2> 1.7 V must be provided when VDDIO
=5.0 V and \bpp = 0 Vin the receiving mode. Whenpip
Il. WIDE-RANGE 5.0/3.3/1.8 V I/O BJFFER is biased at 5.0 V in the receiving mode, Vg2 and Vnwell

Fig. 5 shows the block diagram of the proposewould be pulled to 5.0 V by the Gate-tracking circuit and the
5.0/3.3/1.8 V I/O buffer. The I/O buffer is composed of &loating N-well circuit, respectively, to avoid the menmtéml
Pre-driver, a Dynamic gate bias generator, an Output stage undesired leakage current. In the transmitting mode, Vgl an
Input stage, a Gate-tracking circuit, a Floating N-weltait, Vg2 must be larger than 1.7 V when VDDIO = 5.0 V and logic
and a bonding PAD. The major difference of the proposéd(Z 5.0 V) is transmitted to turn on the stacked PMOS and
design from the traditional mixed-voltage-tolerant I/Offeu  avoid the gate-oxide overstress. Vg1 and Vg2 will be geeeérat
is that it possesses the VDDIO (different from voltage levdly the Dynamic gate bias generator.
for the core, VDD), which is mainly supplied to the output  Gate-tracking circuit: Po3 is the gate-tracking circuit.
stage depending what voltage level is transmitted. By usimie gate-tracking circuit is to bias Vg2 to 5.0 V whep)p
VDDIO, transmitting signals with different voltage levedan =5.0 V in the receiving mode. WhengAp = 5.0 V, Po3 will
be achieved. However, it also causes potential gate-oxigeturned on such that Vg2 is charged to 5.0 V. With the source
overstress problems. and gate voltages at the same voltage level of 5.0 V, Po2 will

In order to avoid the gate-oxide overstress, the proposedt be turned on and no leakage current will be introduced.
I/0 buffer employs the stacked PMOS at the output stagdgcause of the NMOS No3 with its gate at 3.3 V, Vo2 (the
as shown in Fig. 5. Moreover, Vgl must be equal to 5.0 source of No3) can just be pulled to the maximum voltage
and Vg2 must be larger than 1.7 V (e.g., VDDH - VDD =0f ~3.3 V even if Vg2 is biased at 5.0 V. Thus, the internal
5.0 V - 3.3 V) in the receiving mode when VDDIO = 5.0circuit (Dynamic gate bias generator) is protected from the
V and Vpap = 0 V. Similarly, Vg1 and Vg2 must be largerhigh voltage signal of 5.0 V. When ppp is biased at 3.3,
than 1.7 V in the transmitting mode when VDDIO = 5.0 V1.8, or 0 V, Po3 will be off and Vg2 is determined by the
and logic 1 is transmitted. By controlling the gate voltage®ynamic gate bias generator.
the gate-oxide overstress can be avoided completely. These Floating N-well circuit: Po10, Poll, Pol12, Nol4, and
gate drive voltages are generated by the Dynamic gate bK§15 consist of the Floating N-well circuit. The Floating N-
generator. Notably, VDDIO could be easily obtained from thgell circuit provides the N-well voltages for Po2 and Po3 to
existing voltage source in the system by engineers. Thexefoavoid the leakage current path from parasitic diodes. When
no excess cost will be increased. The only penalty is thﬁPAD = 5.0 V and VDDIO = 5.0/3.3/1.8 V, Vnwell will be
additional power PADs for VDDIO. coupled to 5.0 V through Po10, while Po11 is off by Vg11 =

Fig. 6 shows the schematic of the proposed I/O buffes.0 \v. When \bap =0V and VDDIO = 5.0/3.3/1.8 V, P010
With various applications, the supply voltage for I/O buffeand Po12 are off and No15 is on such that Vg1 is pulled to
(VDDIO) might be 5.0/3.3/1.8 V depending on usages, whilg v. Thus, Po11 is turned on. For VDDIO =5.0/3.3 V, Vnwell
the supply voltage for the core (VDD) is always 3.3 V. would be biased at-3.3 V by the protection NMOS Nol4

Pre-driver: The Pre-driver is for decoding and pre-and the turned-on PMOS Poll. For VDDIO = 1.8 V, Vnwell
driving. EN is the control signal to determine whether theould be charged to 1.8 V by Nol4 and Poll. Therefore,
transmitting (EN = 0 V) or receiving (EN = 3.3 V) modethe leakage current through the parasitic diode of Po2 and
is selected. The signal Dout is sent by the digital core afb3 can be eliminated. Similarly, whenp¥p = 1.8 V and
expected to be transmitted to external driven devices. ¢n tfDDIO = 5.0/3.3 V, Vnwell will be charged te~3.3 V by
transmitting mode, if Dout = 3.3 V, No2 in the output stag&lo14 and Pol1. Notably, when VDDIO is at 1.8 V angAp
would be turned off while Pol and Po2 are switched on such1.8 V, Vnwell is coupled to 1.8 V but not be biased at 3.3
that Vppp = VDDIO = 5.0/3.3/1.8 V. By contrast, ¥ap = V (= VDD), which is the voltage generated by the traditional
0 V when Dout = 0 V. In the receiving mode, the signal Doufloating nwell circuit [1]. With Vnwell = 1.8 V, the body efféc
is irrelevant. of Po2 is avoided in this case. It is helpful for transmittiag

Input stage: The input stage is a receiving circuit for theSignal with VDDIO at 1.8 V using 0.3pm devices. Therefore,
input signal with a voltage level higher than its normal dyppthe output driving capability of the stacked PMOS will be
voltage [7]. By tuning the transistor aspects, it can actept €nhanced by pulllpg down the N-well voltage to 1.8 V of Po2
voltage from 1.8 V to 5.0 V. Nil isolates any unexpected higffhen VDDIO is biased at 1.8 V.
voltage at the PAD. When ppp = 5.0/3.3 V, Vil would be Dynamic gate bias generator:The Dynamic gate bias
close to VDD minus a threshold voltage (denoted ©$.3 generator is composed of a \Voltage level converter [12], a
V). Because the high voltage of 5.0 V is isolated, the gat¥’DDIO detector, and a \Voltage clamper. The voltage level
oxide reliability is ensured. With the feedback latch of Pilconverter receives a pair of complementary signals witl-vol
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Fig. 6. Schematic of the proposed 5.0/3.3/1.8 V tolerantHi@er.

age level of 0 V and VDD from the Pre-driver. Then, ithe Voltage clamper such that Vo7 is pulled to 3.3 V. It turns
converts the complementary signals to Vd¥;, pog and on the NMOS No8 and No9. Thus, Vg1 will be pulled down
VDDIO for VDDIO = 5.0 V. Vi, pegis the threshold voltage to 0 V through No6 and No8 when Dout = 3.3 V. When Vg1
of PMOS Po08. For VDDIO = 3.3/1.8 V, it outputs theand Vg2 are pulled to 0 V, the stacked PMOS can be turned
complementary signals from 0 V to VDDIO. The VDDIOon even if the low VDDIO (= 1.8 V) is given. On the contrary,
detector can detect the voltage level of VDDIO and providégl will be charged to VDDIO (= 3.3/1.8 V) for Dout =0 V.
a detection signal VC1 for the voltage clamper. VC1 will b&hus, logic 0 could be transmitted.
biased at 0/3.3/3.3V for VDDIQ = 5.0/3.3/_1.8 V, respectvel In the receiving mode, EN is biased at 3.3 V. Vo5 in the
The voltage clamper is to provide a required DC voltage f@e.griver will be pulled to 0 V because the output of invl
the voltage level converter and for Vg2. is at 0 V. Thus, Vg1l is coupled to VDDIO (= 5.0/3.3/1.8 V)
In the transmitting mode, EN is coupled to 0 V. Thus, theuch that Pol is turned off. Besides, Vg4 is pulled to 0 V by
output signal of VDDIO detector, VC1, is determined by th&N at 3.3 V such that No2 is turned off as well. Moreover,
output of the inverter inv4. When VDDIO = 5.0 V, the inputVg2 will be charged to 5.0 V through the Gate-tracking citcui
of inv4 is pulled up to~3.3 V through Po13 and No13 such(Po3) when \bpp = 5.0 V to avoid the leakage. No3 is to
that VC1 is at 0 V. Because EN and VC1 are both biased igplate the high voltage (5.0 V) at Vg2 such that the gatel®xi
0 V, Po5 in the Voltage clamper is turned on and No5 is oféverstress at the internal devices is avoided. Whey =
Thus, Vo2 will be biased to 1.91 V by Po4, No4, and Po5. V03.3/1.8 V, Po3 is off such that Vg2 would be determined by
is then pulled to 0 V such that No8 and No9 in the Voltag#he Dynamic gate bias generator. Because EN is biased at 3.3
level converter are turned off. If Dout = 0 V, Vo5 will be atV, VC1 is biased at 0 V. Thus, No5 and Po5 in the Voltage
0 V as well such that No12 is off and No13 is on. Thereforg€lamper would be turned off. Vo2 will then be charged to
Vo4 is discharged to the voltage of 2.22 V by Po9 and Vg%3.3 V for VDDIO = 5.0/3.3 V and be charged to 1.8 V for
is pulled to VDDIO (= 5.0 V). With Vg1l at 5.0 V, Vg2 (= VDDIO =1.8 V by Po4 and No4. Therefore, Vg2 is biased at
Vo2) at 1.91 V, and Vg4 at 3.3 V, ppp Will be pulled to 0 ~3.3~-3.3/1.8 V for VDDIO = 5.0/3.3/1.8 V in the receiving
V. That is, the signal of logic 0 is transmitted. Besides, thmode. With Vg2> 1.7 V for VDDIO = 5.0 V, the gate-oxide
gate-oxide reliability for the Output stage will be ensuréd overstress on Po2 is avoided.
Dout = 3.3 V, Vg1 will be at 2.22 V, Vg2 will be at 1.91 V,
and Vg4 will be at 0 V. Thus, @ap is pulled up to 5.0 V [1l. | MPLEMENTATION AND MEASUREMENT
and logic 1 is transmitted. When VDDIO = 3.3/1.8 V, Po13 in
the VDDIO detector will be turned off such that VC1 is 3.3  The proposed 5.0/3.3/1.8 V tolerant I/O buffer is carried
V. Then, Vo2 and Vg2 is discharged to 0 V through No5 iut by using a typical 0.3am 2P4M CMOS process. In order



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I:FUNDAMENTAL HEORY AND APPLICATIONS,VOL.*, NO.*, * 5

10 1 \ ) = P E D O D - B
= ey PAD Thy— T \,_ N Apammy
= W e — = -sa =
' AT | AR | Dout| N33V ‘ |
L ; : A e L VO
e s Vot [
NUA 18 1 N AN A
|5 i = N’\——1 s fr— fr———
] % btal
— Vg2 v
10 2 i T olecig Hlfw  sMEEFD alofp| TfEEev 2{F
1328 um 87.4 um : . o
- Fig. 9. Measured Vg1, Vg2, Dout, an at 1 MHz in the transmittin
(a) Die photo (b) Layout mode when YDDIO = & V. "o ’
Fig. 7. Layout and die photo of the proposed 1/O buffer. ‘)?‘"l—ﬂ ;)Fﬂ} oy T 3 Ol
s — = Veap [ I v
\ vbpIo | 7 R sl e B il

T
P~
N

Voitag (:n)
‘\
——

s

)
7\

L ) L L L
Vg2 i_e

i i L N L S 1 B o

|

P L / \ NN Fig. 10. Measured Vg1, Vg2, Dout, an at 1 MHz in the transmitting

XD
" [/ [ \ mode when VDDIO = 3.3 V.
. N N I N
e in Fig. 10-11.

Fig. 8._ The simulated transient source-drain voltages df &al Po2 in the Fig. 12-14 shows Vgl, ng’ vnwell, a”dﬁAD in the
ransmiting mode when VDDIO =5 V. receiving mode for VDDIO = 5.0/3.3/1.8 V when 100 KHz

5.0 V signals are biased at the PAD. Referring to Fig. 12-

to reduce the process and manufacture cost, only poly 1 & udg> Vol 's biased at VDDIO to turn Pol off. For VDDIO
p y poly _e5'0/3'3 V, Vnwell is pulled high when the input signal at

and no thick-oxide devices are employed. Fig. 7 shows the di PAD (V ) 50V i the leak

photo and the layout of the proposed design. Two proposed | b ( EAE) IS at 5. d't(c)j twrn Oht € .eaFggelgulr;en;

buffers are included in the same die for testing considemati path through the parasmg lode, as shown In Fg. L2-1a. For
\(DDIO = 1.8 V, Vnwell is discharged to 1.8 V. Thus, the

Referring to Fig. 7, 102 is implemented for the purpose : e .
testing. Vg1, Vg2 and Vnwell of 102 are respectively outp ody effect in Po2 can be removed and the driving capability

for measurement and observation. Moreover, guard rings %gansmitgng logic 1 (‘;Vith 18-v YDD(;O, inSthe .tran;mliatl(m.d
drawn for avoiding latch up problems. The area of a proposgbo e can be improved, as mentioned in Section 2. Besides,

wide-range 5.0/3.3/1.8 V 1/O buffer is 385 87.4 um.

Fig. 8 shows the simulated drain voltage of Pol (Vdl) &« g = % D) B D)
and the source-drain voltages of Pol and Po2 (Vsdl and dout [ v i % 1
Vsd2) when an 80 MHz signal is transmitted. It reveals that | N0 | —"—
Vsdl and Vsd2 are both smaller than the constrained voltage-,..ﬁ_._% iy ] ,W.qi i
in the 3.3 V 0.35um CMOS technology. Fig. 9-11 shows - I b~ ¢ "
the measured Vgl, Vg2, Dout, andpyp at 1 MHz on D . |-
silicon in the transmitting mode for VDDIO = 5.0/3.3/1.8 V, gl

v
respectively. The proposed I/O buffer can transmit theagn
| J

| o4
with 5.0/3.3/1.8 V. For VDDIO = 5.0 V, Vgl is biased at |
2.22/5.0 V for transmitting logic 1/0, respectively, as \sho 7 A I

‘
s
in Fig. 9. Moreover, Vg2 is biased at 1.91 V such that the gate- |, S02 _

I ) ; .ns & if
oxide reliability for Po2 is confirmed. For VDDIO = 3.3/1.8 V, efecial "l siEfeme Alslpfirif=

Vg2 stays at.O. v and_ Vglis bias_ed between'O V and 3-3/1F%. 11. Measured Vg1, Vg2, Dout, anthp at 1 MHz in the transmitting
V for transmitting logic 1 and logic 0, respectively, as simowmode when VDDIO = 1.8 V.
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when VDDIO = 3.3 V.

verified on silicon at two extreme temperatures, 5%nd
-20°C. The temperature test is measured using the thermo
stream (TP 0400A-2B21-2). The measured gate voltages, Vgl
and Vg2, still meet the requirements addressed in Section Il
to avoid the gate-oxide overstress. The Floating N-welpotit
signal Vnwell and Vg2 can be also pulled high in the receiving
mode to remove the leakage current paths. The maximum
speed of the output signals at the extreme temperatures are
revealed in Table I. The output frequency at>20ds measured
faster than 12%C. For VDDIO = 3.3 V, the measured output
speed is limited by the specifications of the pulse generator
(Model number: PM5716), which can only provide a 90 Mbps
data rate. Notably, the load of this measurement is charmed t
33 pF because the measurement instrument is different.

VDDIO 50V 33V 1.8V

At 125°C | 76 Mbps | 90 Mbps | 74 Mbps

At -20°C | 84 Mbps | 90 Mbps | 88 Mbps
TABLE |

MEASURED MAXIMUM OUTPUT SPEED AT THE EXTREME TEMPERATURES
FOR A GIVEN 33 PF LOAD (THE PROBE LOAD OF13 PF PLUS THE
CAPACITANCE LOAD OF 20 PF).

Fig. 21 reveals the measured eye diagram of the output
signal in the transmitting mode at 20 Mbps. The sampling

Measured Vg1, Vg2, Vnwell, andpkp in the receiving mode window for VDDIO = 5.0/3.3/1.8 V are 44.86/46.80/36.21

ns, respectively. For VDDIO = 1.8 V, the sampling window
is limited by the slow rise time due to the degraded driving
ability of the stacked PMOS output stage and the extremely

in order to remove another undesirable leakage current patiw supply voltage operation.
Vg2 is pulled high by the Gate-tracking circuit due to the Besides, the proposed circuit is verified on silicon for 336

Vpap at a voltage level of 5.0 V, as shown in Fig. 12-14nours (2 weeks) prolonged operation.
Referring to Fig. 15-17, the maximum speed of the proposed

I/O buffer is 80/120/84 Mbps with a 29 pF load (consisting
of a loaded capacitor of 20 pF and the input capacitor of the V.,
probe of 9 pF) for VDDIO = 5.0/3.3/1.8 V in the transmitting : :
mode, respectively. Fig. 18-20 show the 1 MHz input signals [.ift-fi-¥-#-¥ m M SR L
of the proposed I/O buffer in the receiving mode. Faspf :
= 5.0/3.3/1.8 V, Din with voltage level of 3.3 V is obtained

successfully.

Moreover, the function of the proposed circuit is also

0| =)

= 1)P|j~) -

PAD"\'
F

Vnwell V92

=Ty

L_.Ju

Vgl

=2

’

¥ _._ﬁ =g H|[500us/

Fig. 14.
when VDDIO = 1.8 V.

LT o T B o

Measured Vg1, Vg2, Vnwell, andpfp in the receiving mode

o L8OMDpS] T1 | |

Fig. 15. Measured output signal of proposed I/O buffer witB%apF load
when VDDIO =5 V.

IV. DISCUSSION
A. Portability of the process

As we mentioned in Section II, the proposed wide-range
I/O buffer ensures the reliability by providing the appriepr
ate gate voltages for the output stage. In order to ensure
the reliability, Vgs (Vgd) and Vds should be less than the
constraint voltage (VDD) for VDDIO = VDDH. By using the
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Process | Transmitted Received Output stage Devices Year
signal level signal level

[1] 0.13um VDD VDDH Single PMOS/ | only thin- 2004
CMOS stacked NMOS oxide

I01in[7] | 0.25um VDD VDDH/VDD Single PMOS/ | only thin- 2006
CMOS stacked NMOS oxide

102in[7] | 0.25um VDD VDDH/VDD Single PMOS/ | only thin- 2006
CMOS stacked NMOS oxide

[11] 0.13 um VDDH none Stacked PMOS/|  thick-/ 2007
CMOS stacked NMOS | thin-oxide

ours 0.35pum VDDH/ VDDH/ Stacked PMOS/| only thin- 2008
CMOS VDD/VDDL VDD/VDDL stacked NMOS oxide

Note: TThe VDDH/VDD in [1] are 2.5/1.0 V, respectively.
2The VDDH/VDD in [7] and [10] are 5.0/2.5 V, respectively.
3The VDDH/VDD in [11] are 3.3/1.0 V, respectively. And onlyettoutput buffer was presented in [11].

TABLE Il
COMPARISON WITH SEVERAL PRIOR WORKS

Din

Fig. 16. Measured output signal of proposed I/O buffer witB9apF load Fig. 18. Measured ¥ap and Din in the receiving mode when VDDIO =
when VDDIO = 3.3 V. 5V

¥

-

o T - T <o v

0" HI > 0

ole3é& FFil] 500 s/ -1409445n: O T BE

Fig. 17. Measured output signal of proposed I/O buffer witB9apF load Fig. 19. Measured @¥ap and Din in the receiving mode when VDDIO =
when VDDIO = 1.8 V. 33V

stacked PMOS and the stacked NMOS in the output stay®g?2 (= VDDH - VDD). It implies that|Vgd2 = VDDH-

Vg1 and Vg2 should be biased at a limited voltage, which DD < VDD and thus VDDH < 2xVDD. Therefore, the
larger than VDDH-VDD when logic 1 is transmitted. In thisproposed wide-range I/O buffer will work correctly as long
situation,|Vgs| and [Vgd| of Pol and Po2 are VDDH-VDD, as VDD < VDDH < 2 x VDD is guaranteed. Therefore,
which should be smaller than VDD. It implies that VDDHthe structure of the proposed design can be implemented in
< 2xVDD. Similarly, Vg1 = VDDH and Vg2> VDDH- advanced processes if the above constraint is satisfied. For
VDD are provided when logic 0 is transmitted and logic O iexample, the proposed design could be carried out using 90
received. Thus|Vgsl =0V, |Vgdl| = VDDH-(VDDH-VDD) nm CMOS process and operate at the typical voltage of 1.0 V
=VDD, |Vgs2 =0V, and|Vgd2| = VDDH-VDD are resulted (=VDD). At the same time, it can communicate with a chip
by assuming the source voltage of Po2 (Vs2) is very close @b60.18 m CMOS process which operates at a supply voltage
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Fig. 20. Measured ¥ap and Din in the receiving mode when VDDIO =
1.8 V.

of 1.8 V (VDDH) and another chip of 65 nm CMOS process
which operates at supply voltage of 0.6 V (VDDL). Because
low VDDL results in a low operating frequency, the voltage
level of VDDL would be constrained by the required frequency
requirement for the system.

B. Reliability

Time-dependent dielectric breakdown (TDDB) is one of the
major failure mechanisms in VLSI circuits [13]. Gate-oxide
breakdown and hot-carrier degradation are both the TDDB
issues [7]. Gate-oxide breakdown would be induced by the
oxide stress voltage over the tolerant voltage. The sanati
can even be accumulated with the time period when the oxide
overstress voltage is present [13], [14]. Hence, the defddg- 21. The measured eye diagrams of the output sigpgalryat 20 Mbps

. . datg rate.

caused by DC stress is more serious than AC stress (transien
stress) [7]. Thus, most of the mixed-voltage 1/O buffer dasi

only consider the DC stress [3]- [10]. Besides, the devines i the oytput signaVppp. The overshoot and undershoot then
mature process can endure Vgs and Vgd in the transient s

oV LoV _ té"ﬁ!)‘i'f)ears due to the ringing, which might threat the gateeoxid
16% (==1gy, where 2.2 Vis the tolerant AC stress andgiapility. The proposed I/O buffer is simulated with a dtrag
1.9 Viis the tolerant DC stress [15]) higher than the normgly,ctance of 12 nH for the parasitic consideration on the
operating voItage in the static state [15]. Thus, th_e omsh bond wire. Based on the post-layout simulation restifsp
caused by the ringing at Vgl and Vg2, as shown in Fig. 9, i,ssess 14.729% undershoot and 1.82% overshoot with a 12 nH
in the tolerant range of reliability. , inductive load and a 20 pF capacitive load. They are under the
In addition, the hot-carrier degradation occurs when tgjerant AC stress of 16%. Moreover, 12 nH is large enough

transistors are operated in the saturation region With tamd 5 cover the normal wire bond package, which usually induces
source voltages (Vds) larger than the normal operatinggelt ; 5 asitic inductance only from 0.569 nH to 2.845 nH [17].
(vDD) [7], [15]. Thus, Vds should be less than VDD in the

transient state to avoid the hot-carrier degradation, as/sh
in Fig. 8. However, a problem of Vds larger than VDD on th®. ESD issue
NMOS in the output stage has been reported recently [16]'ESD protection is an important issue in I/O buffer design. In

When the 1/O buffer operates at the transition from the mo?l%ditional I/O buffers, the parasitic diode of the PMOSlie t

of recei_vi_ng the_logic 1 (= VDDH = 5.0 V) to another m_ode 0output stage can provide a discharge path for the ESD current
transmitting logic 0 (0 V), Vds on the output NMOS might b owever, the parasitic diode connected to the 1/O PAD and

Iargerth-an VDD dur?ng the transition time. It wou_ld induet VDDIO does not exist due to the floating N-well circuit in the

hot—carrler dggra}datlon. The problem can be avoided loyn@ddlmixed—voltage—tolerant I/O buffer. Thus, the ESD capapil

a tracking circuit to pull down Bap before the operating mixed-voltage-tolerant 1/0 buffer is poorer than that i

mode tr?nsglo&(from receiving VDDH to transmitting O V)the traditional 1/0 buffers for the same area condition {18]

is completed [16]. [20]. In order to retain enough ESD capability, the proposed

I/O buffer possesses the worst-case HBM ESD robustness of

C. Package 3.3465 KV in the ND-mode. The penalty is the large area for
The package and the bond wire of the chip would caulee W/L ratio of NMOS and PMOS to be 250 um/ 0.4 um

a parasitic inductance, which might induce the ringing @nd 500 um / 0.4 um, respectively.

.21 ng;,

B o[ P ] B JAT

(c) VDDIO = 1.8V
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V. CONCLUSION

This paper proposes a 5.0/3.3/1.8 V tolerant I/O buffer.
By using an extra supply voltage, the proposed I/O buffef9
can transmit and receive the signals with voltage levels of
5/3.3/1.8 V. Because the thick-oxide devices which caresuist

higher gate voltage are not used, the stacked PMOS and e
stacked NMOS are employed simultaneously at the Output
stage to avoid the gate-oxide overstress. Furthermore, thé
dynamic gate bias generator is proposed to provide aptepri

control voltages for the gate of the stacked PMOS for the-gate2]

oxide reliability. By controlling the gate voltages, thewuing

strength of the stacked PMOS is enhanced with VDDIO at 1.8

V. Besides, the Gate-tracking and Floating N-well circuaite

included to remove the undesirable leakage current paties. T
proposed design can be carried out using any technologies

by satisfying the requirement of VDB< VDDH < 2 x

VDD, which must be taken into account carefully in sub-100
nm technologies. The comparison with several prior works [ifS]
revealed in Table Il. The proposed I/O buffer is the only one
design which can transmit and receive the signal with velta

level of VDDH/VDD/VDDL.
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