0.9 V to 5 V Bidirectional Mixed-\Voltage 1/O Buffer
with an ESD Protection Output Stage
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Abstract—A 0.9 V to 5V (0.9/1.2/1.8/2.5/3.3/5 V) mixed-voltage
I/O buffer with NMOS clamping technique is proposed. By usirg

a dynamic gate bias generator to provide appropriate gate dwe /%T;‘;Zt

voltages for the output stage, the I/O buffer can transmit sib- VDD |

3xVDD voltage level signal without gate-oxide overstress hard. T

Besides, the leakage current is eliminated by adopting a fltiag OE Dynamic | Floating

N-well circuit. The maximum data rate are all measured to 66 B UP Gate Biag N-well

MHz for 5/3.3/2.5/1.8/1.2/0.9 V with an equivalent probe gaacitive Generato Circuit

load of 10 pF. D
Index Terms—mixed-voltage-tolerant, I/O buffer, floating N-well dFr’i(/eE;r PAD

circuit, gate-oxide reliability
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[. INTRODUCTION Dour | "
o DN I Nos
ITH the fast development of CMOS technology, the — vop |
supply voltage of integrated circuits (IC) is drastically GND= T | GNDIO
scaled down to reduce power consumption [1]. When chips < g‘;‘;; — — T
using different processes and supply voltages are inegjrata Dy I
PCB-based system, such as in a PCl interface, conventi@al | = GND

buffers are not adequate to communicate due to the problems
gate-oxide reliability, hot carrier degradation, and thelesired
leakage current path [2]. In past years, many mixed-voltage Output Stage
/0 buffers were reported to deal with the chip interface
problems of different voltage levels [£]4], [6]. However,
most of them can only transmit and receive the signal wi

i8. 1. Block diagram of the proposed mixed-voltage 1/O buff

Since the supply voltage (VDD) of the core circuits is 1.8 V
'H 0.18 um CMOS process, the output stage must be realized

the voltage from VDD to VDD [1]-[4]. The compatibility with three stacked PMOS and NMOS transistors, respecfively

with more advanced processes has been ignored. TherefB%,ZXV.DD<5 V<3xVDD, as depicted in Fig. 1. Besides,
a wide range I/O buffer able to simultaneously transmit arfPProPriate gate voltages are needed farPos and N, ~Nos
receive signal fron%xVDD to sub-3xVDD is deemed as a to ensure the gate-omde rellablllty_and correct_functlo'ﬁse
total solution for these scenarios. To communicate theasigh detailed operation of output stage is tabulated in Table I.
sub-3xVDD, triple stacked transistors are used in the output

stage to avoid the gate-oxide overstress. Notably, toagiti B. Pre-driver

gate-tracking circuit and floating N-well circuit can not bsed The Pre-driver is a simple logic circuit to decode and pre-
directly due to the high voltage signal which is very close t@rive. When the voltage of control signal OE is at 1.8 V, ti@ I/
3xVDD [2], [4]. A protection voltage equal to VDDHVDD  puffer operates in the transmitting (TX) mode. The logidesta
(3.2 V) is required to ensure the gate-oxide reliability.eThof Vp,p is determined byDoyur. On the other hand, when the
NMOS clamping technique without any power-consuming D@O buffer is in the receiving (RX) mode, OE is 0 V.

current path is employed to generate this protection veltag

Besides, the current drive capability with ESD protectign 'C Input Stage
also proposed in this work. ' o
As shown in Fig. 2, MN604 and MN605 are added to prevent
II. 0.9 VTO5YV MIXED-VOLTAGE I/O BUFFER MP602 and MN601 from gate-oxide overstress. MP605 is used

Fig. 1 shows the block diagram of the proposed I/O buffé¢ clampV;; at 1.8 V when logic 1 is received. MP601 and
consisting a Pre-driver, an Input stage, an Output StageM&l602 are turned off as well as MP604 is turned on to reduce
Dynamic Gate Bias Generator, a Floating N-well Circuit, angower dissipation in the TX mode.

a Vpap Detector.
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ccwang@ee.nsysu.edu.tw). Detector,V,1, Vg2, Vg3, andVy, generators. The details of each

tthe contact author. subcircuit will be analyzed in the following text.



TABLE |

GATE VOLTAGES OF THEOUTPUT STAGE VDDIO VDDIO VDD VDD Veao
I
VX4 +—
VDDIO Vql ng Vq3 Vq4 VDO
E E - - VX1 VX1 VY1l
) ) ) M) ) e
VX2 = Ego VY2
5 5 >3.2 1.8Vpap? 1.8/Vpap® s D VD w3
3.3 33 33  1.8Vpap? 1.8/VPADZ VDDIO o Frqp N Voss e
RX 2.5 25 25 1.8Vpap?® 1.8/Vpap VX4 10 e
1.8 1.8 18 1.8Vpap® 1.8/Vpap® VX5 all one-hot cod VYs
a b transformer
1.2 1.2 1.8  1.8Vpap? 1.8/Vpap vaz,| CRyxe VisE VD25 w6
0.9 0.9 1.8  1.8Vpap?® 1.8/Vpap® VX7
BVpaD /VPAD V37 VX7 VD2 VY7
5 >3.2/5 >32 >3.2/18 >3.2/18 it vaal) BR o VD18 w1
3.3 >15/3.3 >15 >1.5 1.8 V10 Vo8 3
25  >07/25 >07  >07 1.8 voR VX1 Voo e
TX L
1.8 0/1.8 0 0 1.8 [ VX8 VD3 vve
1.2 0/1.2 0 0 1.8 V25 Vo
0.9 0/0.9 0 0 1.8 = l = = =
Bias Circuit VDDIO Detector Vpap Detector
20Only when Vbap = 5V, Vg3 = Vpap.
> Only when Veap =5V, Vs > 3.2 V. Fig. 3. Bias circuit, VDDIO Detector andpsp Detector.

“In RX or TX, Ve out =1.8/Vpap, andVys =1.8 V
4In RX, Vg6 =0 V; in TX, Vg6 =0/1.8 V.
3) V,1 Generator: In Fig. 4, V1 generator comprises a

VDD cross-coupled latch and a voltage level converter, whi¢huis
VDD oT:—cJE;pem a pair of opposite signals_, Qand QB. It i; basically compcorfeq
. | two f:ross-.coupled. transistors PMOS with two NMOS transis-
VDD tors in series as discharging path$; generator contains three
pairs of discharging paths which are respectively coretbbly
et oo | 25 Bueeor VDD the signals UP50, UPL, UP18, and their complementary signal
|_4 P02 |_4 - When VDDIO is fed with 5 V and MN105 is turned on, QB is
VeI T—T T4 v Dy discharged to 3.3 V through the first pair of discharging path
‘l|—| MNE01 iz|—| MNGO3 (MP103, MN101, MP105, MN103, and MN105) while Q is
SE—| [ wneo2 = pulled up to VDDIO. When VDDIO is fed with 3.3/2.5 V, the

second pair of discharging paths (MNZOVIN110, MP107,
and MP108) is activated, which is controlled by UPL dReL.
Fig. 2. Input stage circuit. When VDDIO is fed with 1.8/1.2/0.9 V, the third discharging
path (MN11:-MN116) is on. Referring to the logic equations
1) Bias Circuit and Vp4p Detector: Referring to Fig. 3, in Fig. 4, any input voltage will appear in only one pair of
the bias circuit andVpap Detector are both realized with adischarging paths.
string of diode-connected PMOS transistors. The summationd) V,, andV,4 Generator: Fig. 5 (a) shows the schematic of
of the threshold voltages of the PMOS must be larger thaf), generator. MN201 is a clamping NMOS, which can only
VDDIO andVpap, respectively, such that the transistors woulgass the signal smaller than VX%, where Vi, is the
be operated in the sub-threshold region to reduce the staticeshold voltage of NMOS. When VDDIO is 5 V, OE18 and
current. OES50 are both biased at 1.8 V such thgs can be biased at
2) VDDIO Detector: VDDIO Detector is implemented with 3.2 V (VX2-Vyy,) through MN202 and MP201 without gate-
a string of diode-connected PMOS transistors, four deirctioxide overstress. MP202 is turned off provided that VX2 is
circuits, (TRO, TR1, TR2, and TR3), and a thermometer codiégher than 3.2 V. If VDDIO is lower than 1.8 V in the receiving
to one-hot code decoder, as illustrated in Fig. 3. As mestionmode, OE18 and OES0 are all biased at 1.8 V such that MN202
previously, the summation of the threshold voltages argetar and MP201 are turned off;> can be operated at 1.8 V through
than VDDIO such that the DC current in the PMOS string i¥P203 and MP203, when VX2 is lower than 1.8 V. Besides,
very small. The DC voltages VXIVX11 generated by the the undesired leakage current caused by the parasiticslmfde
PMOS string devices are all proportional to VDDIO. VX4MP202 and MP203 can be eliminated by connecting their N-
VX5, VX7, VX8, VX10 are fed into TRG-TR3 for VDDIO well to a floating N-well circuit comprising MN203, MP204,
detection. Since VX4 and VX5 would be larger than 1.8 \and MP206.
for VDDIO at VDDH, a protection transistor NMOS should be V4 generator is shown in Fig. 5 (b). It pullg,4 to 3.2 V
inserted at the gate of PMOS in TRO and TR1. Through simpléhen Vpap is 5 V and keepd/4 at 1.8 V for Vpap = 3.3
glue logic gates, the thermometer code VAMD3 could be V. When Vpap is 5V, Vg4 is biased at 3.2 V (VY4-V )
easily converted into the one-hot code VD50, VD33, VD2%y the clamping NMOS MN401. WheVpsp is biased at
and VD18. The thermometer code VBY¥D3 can be obtained 3.3/2.5/1.8/1.2/0.9/0 V, VY4V 1, is smaller than 1.8 V and
according to various VDDIOs. blocked by MP401.V,, is then biased at 1.8 V by MP402,



VDDIO VDDIO Va
VX2 | Myvn2o1 —
OE18 = OE VD18

MP10 |°><—4 MP102 wmpao1 OES0= OE® VD50 + OE
QB ‘ Va3 ‘ roQ CEL8 f— oEs0 v VY4
MP10 MP104 MN202 — 2 _|
MN111] 33 Min107] L33 33 [mn108 Y33 [MN112 /DD oo | i VDD
mn101) Y43 [MN102 mP202, [T 20D
T T vxz—ci P204 y:IIDB
MN113 }J mp10i] pmpio Fl°| MP106¥L1q Fivip1og L{ MN114 i
OE1g) [ | MP20 MP206
MN10 |L| MN104 vp20d Vwell_v,, vvs —
VDD
upL MN115L&| MN109YE3] [Mn105 Uﬁ MN106 L&| vN1102P18 [mN116 T
(a) V,, generator (b) Y, generator
UP50 = UPe VD50 UP50 = UPe VD50 .
UPL = UP (VD33 +VD25) UPL=UP e (VD33 +VD25) Fig. 5. V2 generator and/y, generator.
UP18 = UPe* VD18 UP18 = UPe VD18
Fig. 4. Vg1 generator. and VDDIO does not exist due to the floating n-well circuit in

the mixed-voltage-tolerant I/O buffer. Thus, the ESD calgib

of the mixed-voltage-tolerant I/O buffer is worse than tbét

) . . traditional I/O buffers given the same size. In order to ireta

in |5:)| ‘/;,63 (;er:frgﬁrbeT:gsg;\?gg‘:ﬁg(gg dg; ner;l:]((')jrvls g?g'fcetgd enough ESD capability, the penalty is the large area of NMOS
9. ' AD 92 Eand PMOS in Output stage. From the measurement results of

Into Vs gener_ator. By_detectlng two signals, VDDIO and O Several previous works [1]-[4], the ESD strength of the letac
a correspondind/yz will be generated. To reduce the power

consumption.V.s generator combines the voltage generatinor%UtpUt stage with their current driving ability higher thas
’ g3 - i
function with the gate-tracking capability in this work. the A can be equalized to 2 kV for HBM (human body model)

o . . and 200 V for MM (machine model) [5], [6]. Fig. 7 shows the
receiving mode, when VDDIO is fed with 1/8.2/0.9V and _ _ .. PSR . : o
Vpap is biased at 5 V, the voltage df,.., and V..., are simplified circuit with ESD consideration through dischary

clamped at 3.2 V for passingpap to V3 to avoid the leakage SZ:R/ ez?jngscflgﬁ(r)%\lgg patiVps,xmos and Vs puos can be
current problem. Besides, MN301 is turned off by floating N- '

because VY3 is lower than 1.8 V.

well circuit F» when the voltage oF;,.; pias is lower than 1.8V. Vs pros = Vi — Vss (1)
When Vpap is 0 V, an Edge Detector is adopted to prevent ' 2

transistorP,; from gate-oxide overstress. Whéfpap is at Vg — Vss

2.5/3.3 V, ;.1 is generated at 1.8 V by floating N-well circuit ~ Vps,nmos = ——5—— (2)

F1. ThenVpap is passed to MP318 to turn off the output stage

P,3. In the transmitting mode, when VDDIO is operated at where VIL and Vi are set to 0.35VDD and O'G&VDD}
V, a negative pulse, which is triggered at the negative ed pectively [5]. Moreover, Output Stage are operated & th

of Dour, would pulledV,3 down to 1.8 V. Thus, the gate- iode region. Thus, by taking above conditions and the-char
’ g . . ’

oxide overstress can be avoided. When VDDIO is operated eristic of transistors in triode region into considenmat the

1.8/1.2/0.9 V,V,, is biased at 1.8/1.2/0.9 V and MN304 js"’/- ratio of PMOS and NMOS in the Output Stage can be

turned off to protect/,s from any leakage current. determiped to be 72qum/ 180 nm and 18Qum/ 180 nm,
respectively.

E. Floating N-well Circuit

To avoid the undesired leakage current path through the o ) .
parasitic diode 0P,3, Ve ou is Varied with differentVpp The proposed design is implemented with a typical Q.ir8
by the floating N-well circuit. The proposed floating N-well9i¢ CMOS process. Fig. 8 shows the layout and the die photo
circuit is composed of two traditional floating N-well cells ©f the proposed mixed-voltage /O buffer. Fig. 9 depicts the
FN51 and FN52, as shown in Fig. 6 (b). With the C|ampin¥j/aveforms ofVeap and Div with different Vpap voltages

NMOS MN503, FN52 can output the signal,M: con: at in the RX mode, wherea®y is recovered at 1.8 V in all
max(VY2— Vi, 1.8 V). WhenVpap is operated at 3.3 v cases. The maximum TX data rate with different VDDIOs

Vell cons is biased at 1.8 V. WheNpap iS 5 V, Vaoll cont is measured, as shown in Fig. 10. The mark level ¢k
at 3.2 V & VY2 — Vi) is used as the protection _voltagés same as the voltage level of VDDIO. Fig. 11 reveals the

for MP503. On the other hand, FN51 can generate the outpgasured eye diagram of the output signal in the TX mode
signal Vei_outr = Max(Veap, Vuwei_cont) when VDDIO=5.0 V at 40 MHz and VDDIO=0.9 V at 33
well_ou y Vawell_cont)-

MHz, respectively. The sampling windows are all higher than
) ) ) 18 ns for both TX/RX modes. The performance of the proposed
F. ESD Protection Consideration mixed-voltage 1/0O buffer is summarized in Table Il compared

In traditional 1/0 buffers, the parasitic diode of the PMOSvith several previous I/O buffers. Table Il shows that a wide
in the output stage can provide a discharge path for the ESDItage range, sub>3vDD, is successfully achieved by this
current. However, the parasitic diode connected to the KO P work.

Ill. M EASUREMENTRESULTS



TABLE Il

PERFORMANCECAPARISON OFMIXED-VOLTAGE |/O BUFFER

Year Transmitting voltage mode Process Frequency Area
v) (pm) (MH2) (pmx pm)
This work 2009 0.91.2/1.8/2.5/3.5/5 0.18 66 65785
[6] 2009 5/3.3/1.8 0.35 60 13281126
[1] 2008 1.53.3 0.18 266 N/A
[2] 2007 1.2/2.5 0.13 133 107.7865.38
3] 2007 1.93.3 0.18 200 N/A
[4] 2006 2.55 0.25 50 N/A
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(a) Vg3 generator (b) Floating N-well circuit
Fig. 6. Vg3 generator circuit and the floating N-well circuit.
VDDIO
IV. CONCLUSION 4
- Po1
A 0.9 V to 5 V mixed-voltage tolerant I/O buffer is proposed »s
in this paper. The signal fron§ xVDD to sub-3xVDD can be =[P, | ma
transmitted and received simultaneously. Besides, thectsff e
of gate-oxide overstress and the leakage current are both ”
eliminated. VDDIO
VDS‘ NMOS +
VDS‘PMOS
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(a) Layout (b) Die photo of the proposed mixed-vaitdfd buffer.

(b) VPAD =33 V,DIN=1.8 V

e

(c) VPAD=2.5V, DIN=1.8 V

Fig. 9.

(f) VPAD=0.9V,DIN=1.8 V

Measuredy in the RX mode for differenlVpap voltages.
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Fig. 10. Measured/pap at 66 MHz in the TX mode for different VDDIOs.
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(b) VDDIO = 0.9 V at 33 MHz

Fig. 11. Measured eye diagrams of the output sighghp (@) when VDDIO
=5.0 V at 40 MHz (b) when VDDIO = 0.9 V at 33 MHz.



