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Abstract—A new design on mixed-voltage I/O buffers with slew-
rate control but without gate-oxide reliability problem in low-
voltage CMOS process is proposed. The proposed circuit can
effectively reduce the ground bounce effects without suffering
gate-oxide reliability problems and hot-carrier degradation
issues. The proposed mixed-voltage I/O buffer with slew-rate
control has been designed in a 0.18-pm CMOS process to meet
the 1.5-V/3.3-V applications.

1. INTRODUCTION

Transistors fabricated with thin gate oxides are vulnerable
to dielectric damage and reliability problems due to excessive
electric fields. The difference between operating voltage and
maximum allowed terminal voltages including gate-source
voltage (Vg), gate-drain voltage (V,q) and drain-source
voltage (V4s) of MOS transistors have decreased drastically
with the advancement of CMOS process. Also, the ground
bounce effects get worse with increasing operating speed.
These present special challenges for I/O designers.

Signal and power integrity are crucial problems in modern
VLSI systems. Modern trends in deep sub-micron circuit
designs, such as high operating frequencies, short rise/fall
times, and lower supply voltage, exacerbate this problem.
Output buffers provide an interface for driving mainly
capacitive and inductive external loads. The capacitive load is
typically composed of the bonding wire, the pin, the
conductors on the PCB and the input capacitances of the
connected gates. The package parasitic series inductances of
the power and ground lines supplying the output buffer
usually comprises the inductive load which is connected to the
external power and ground rails on the PCB. A major
component of the circuit noise is the inductive noise. Ground
bounce, also known as simultaneous switching noise (SSN) or
delta-I noise, is a voltage glitch induced at power/ground (P/G)
distribution connections due to switching currents passing
through either wire/substrate inductance or package lead
inductance associated with power or ground rails. When the
current flows through the inductance L, a voltage drop V is
induced as shown in (1)

yopd. (1)
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Figure 1. The model for ground bounce effect in output buffer [2].
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Figure 2. The output buffer with conventional slew-rate control [4].

In mixed-voltage output buffer design, the transistors
sizing is imposed by DC interfacing constraints. This leads to
several problems: unacceptable high current peaks which
occur with the simultaneous switching of many output buffers,
inductive power supply noise which results in large voltage
drops, and electromagnetic interference (EMI) due to high
output edge switching rates [1].

The resulting noise voltage can potentially cause spurious
transitions at the inputs of devices sharing the same power and
ground rails. Therefore, controlling the output voltage
variations is generally required to limit the crosstalk and to
reduce the inductive power supply noise. In addition, the
effect of ground bounce in output buffer can be simply
modeled as inductors (Lypp, Lgnp) shown in Fig. 1 [2].
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Figure 3. The output buffer with modified slew-rate control to reduce short-
circuit current [4].

II.  CONVENTIONAL DESIGN ON I/O BUFFERS WITH SLEW-
RATE CONTROL

To solve these problems, a reduction of the slew rate in the
output edges is preferred as far as the speed specification is
satisfied [3]. A simple approach is to slow down the turn-on
time of the output switching transistor through an access
resistor to the transistor gate. Furthermore, the output driver
can be divided into several parallel output drivers for ground
bounce reduction and slew-rate control. An output buffer with
conventional three-step slew-rate control is shown Fig. 2 [4].
The parallel output transistors of slew-rate controlled output
buffer turn on progressively through delay elements
implemented by resistors or transmission gates. This helps to
reduce the slew rate of output buffer and therefore to reduce
the ground and power bounce. The output transistors are
turned off step-by-step as output transistors are turned on, and
the circuit consumes unnecessary power resulting from short-
circuit current. For low power consideration, modified slew-
rate control topology should be developed.

Fig. 3 shows an output buffer with improved slew-rate
control to reduce short-circuit current [4]. The output
transistors are divided into three parts with their corresponding
gate-controlled signals generated by slew-rate control. The
transistors MN1 and MP1 in Fig. 3 are used to control CMOS
output driver to turn it on and the pull-up signal (PUb) and
pull-down signal (PDb) are the inverse of the signals, PU and
PD. When the output buffer is operating in transmit (TX)
mode (OE=VDD), the transmission gates are used as resistive
elements to turn on each individual output transistor gradually.
As the output buffer is operating in tri-state mode (OE=GND),
the output transistors are quickly turned off by the transistors
MP2-MP4 and MN2-MN4. As a result, this slew-rate control
is compatible for low power design.

With compatibility to the earlier defined interface protocols
of CMOS ICs in a microelectronics system, the chips fabricated

in the advanced CMOS processes will face to the interface of
input signals with voltage levels higher than their normal supply
voltage (VDD). As a result, mixed-voltage I/O buffers with only
thin-oxide devices have been designed with advantages of less
fabrication cost and higher operating speed to communicate the
advanced circuits with the earlier ones [5].

Typical I/O buffers with slew-rate control, however, are
usually not suitable for mixed-voltage applications because
the gate-oxide breakdown issue [6] and hot-carrier
degradation [7]. In [8], the mixed-voltage I/O buffers without
gate-oxide reliability issue and hot-carrier reliability problem
had been verified in a 0.18-um 1.8-V CMOS process with
only thin-oxide devices; however, the circuit did not contain
slew-rate control. Therefore, a new mixed-voltage I/O buffer
with slew-rate control but without gate-oxide reliability
problem and hot-carrier degradation is strongly requested by
IC industry.

III. PROPOSED MIXED-VOLTAGE I/O BUFFERS WITH SLEW-
RATE CONTROL

The proposed mixed-voltage 1/0O buffer with slew-rate
control but without gate-oxide reliability problem
(HCPMXIO-SR) is shown in Fig. 4. The hot-carrier-prevented
circuits for transistors MND4-6 and MN3 have been shown in
Fig. 4 (b) and 4 (c). The NMOS transistors MNSR6-MNSRS
are used to protect transistors MPSR2-MPSR4 from gate-
oxide degradation and to avoid leakage currents as the
HCPMXIO-SR receives 2xVDD input signals. The gate-
controlled signal of transistors MPSR6-MPSRS, PDH, is high-
level version of pull down signal, PD, shifted by the level
shifter. Furthermore, the transistor MNSR2 is used to protect
transistor MNSR1 from gate-oxide reliability and hot-carrier
degradation as the mixed-voltage 1/O buffer receives 2xVDD
input signal. Since the transmission gates MNR1/MPR1 and
MNR2/MPR?2 are mainly used to propagate 0-V signal to turn
on PMOS output transistors, MPD1-MPD3, one-after-one, the
PMOS transistors MPR1 and MPR2 can be omitted and
consequently only NMOS transistors are used as resistive
elements. As a result, the resistive elements do not suffer gate-
oxide reliability issue.

Similarly, the transistors MNR3 and MNR4 can be omitted.
When the mixed-voltage I/O buffer receives 0-V input signal
at I/O PAD, the PD signal is set to OV and consequently PDH
signal is set to VDD. At this time, the gate-controlled signals
of transistors MPDI1-MPD3, VPCI1-VPC3, are biased at
“VDD-Vth” due to weakly turned-on transistors MPSR6-8,
thus results in subthreshold leakage currents on transistors
MPD1-MPD3. To avoid this problem, the gate-controlled
signals of transistors MPD1-MPD3 are pulled up to VDD
through the transistors MP34-MP36 in Fig. 4 as 0-V input
signal is received at I/O PAD. Note that the bulks of PMOS
devices and NMOS devices in the new slew rate control are
connected to VDD and GND, respectively. The bulks of
transistors from MP31 to MP36 are connected to the n-well
self-biased circuit (nwell).
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Figure 4. (a) The proposed mixed-voltage 1/O buffers with slew-rate control but no gate-oxide reliability and no hot-carrier degradation issues (HCPMXIO-
SR). (b) The hot-carrier-prevented circuit for transisotr MND4-6, and (c) the hot-carrier-preventd circuit for transistor MN3.

The operations of HCPMXIO-SR are listed in Table I.
When the HCPMXIO-SR is operated in receive (RX) mode,
the PUb and PDb signal are 0V and VDD, respectively, to turn
off output driver. In the meanwhile, the PDH signal is set to
VDD by level shifter. The transistors MP31 and MP34
comprise the gate tracking circuit of transistor MPD1 as the
I/O buffer is operating in receive mode. Similarly, transistors
MP32/MP35 and MP33/MP36 are the gate-tracking circuit of
transistor MPD2 and MPD3, respectively. As 2xVDD input
signal is receive at I/O PAD, the VPCI1, VPC2, and VPC3 are
set to 2xVDD through transistors MP31, MP32, and MP33.
On the contrary, the VPCI1, VPC2, and VPC3 are set to VDD
through transistors MP34, MP35, and MP36. As a result, the
input signals can be received successfully without the
problems of gate-oxide reliability and leakage current.

If the mixed-voltage 1/O buffer is transmitting 0-V output
signal, the PDb signal is set to 0V, and consequently transistor
MPSRI1 is turned on to propagate VDD signal to gate
terminals of transistors MNDI1-MND3 through transistors
MPR3 and MPR4. In the meanwhile, the PDH signal is set to
2xVDD, thus the VDD signals can be transmitted to the gate
terminals of transistors MPD1-MPD3 through transistors
MNSR6-MNSRS successfully. As a result, transistors MPD1-
MPD3 are quickly turned off. On the other hand, if VDD

output signal is transmitted from Dout to I/O PAD, the PUb
signal is pulled up to VDD to turn on transistor MNSR1. The
0-V signal consequently is propagated to VPC2 and VPC3
through transistors MNR1 and MNR2. The PMOS transistors
MPD1, MPD2, and MPD3 are turned on one-after-one to pull
up I/O PAD to VDD. In the same condition, the PDb signal is
set to VDD to turn on transistors MNSR3-MNSRS5, thus
NMOS transistors MND1, MND2, and MND3 are quickly
turned off. As the aforementioned descriptions, this
HCPMXIO-SR can be successfully operated in both receive
mode and transmit mode without suffering gate-oxide
reliability and hot-carrier degradation.

IV. SIMULATION RESULTS

The HCPMXIO-SR is designed to meet 1.5-V/3.3-V
applications. The HCPMXIO-SR has been verified in a 0.18-
pm CMOS process by SPICE simulation. The simulated
waveforms of the new proposed HCPMXIO-SR with an
operating speed of 266 MHz in transmit mode are shown in
Fig. 5. When the I/O buffer transmits VDD output signal to
I/O PAD, the gate-controlled signals of MPD1-MPD3, VPC1,
VPC2, and VPC3, are pulled to OV one-after-one. In the
meanwhile, the gate-controlled signals of MNDI1-MND3,
VNCI1, VNC2, and VNC3, are pulled down to OV to turn off
MND1-MND3 quickly. On the contrary, when 0-V output
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signal is transmitted to I/O PAD, the VPCI1, VPC2, and VPC3
are quickly pulled up to VDD to turn off MPD1-MPD3. The
VNCI1, VNC2, and VNC3 are progressively pulled up to VDD
to turn on MND1-MND3. As a result, the HCPMXIO-SR
successfully transmits data with a reduced slew rate.

The simulation results of the HCPMXIO-SR and
HCPMXIO which has no slew-rate control are summarized in
Table II. The propagation delay and rise/fall time of this
HCPMXIO-SR are larger than those of the HCPMXIO. Also,
the driving currents of HCPMXIO-SR are smaller than those
of the HCPMXIO due to the slew-rate control. The power
consumption of this HCPMXIO-SR is larger than that of
HCPMXIO due to the additional slew-rate control circuit.

V. CONCLUSION

The new proposed mixed-voltage I/O buffers with slew-
rate control but without gate-oxide reliability and hot-carrier
degradation problem has been designed in a 0.18-um CMOS
process to meet the 1.5-V/3.3-V applications, which can be
successfully operated in both receive mode and transmit mode
with slew-rate control to reduce power/ground bounce.
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proposed HCPMXIO-SR operating at 266 MHz when transmitting 0V-to-
1.5V output signals to I/O PAD.
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TABLE L. THE OPERATIONS OF THE PROPOSED HCPMXIO-SR

Parameters Receive Transmit
High High
I/0 Pad Low (0V) (2xVDD) Low (0V) (VDD)
PUb ov ov ov VDD
PDb VDD VDD ov VDD
PDH VDD VDD 2xVDD VDD
VPC1-VPC3 VDD 2xVDD VDD ov
VNC1-VNC3 ov ov VDD ov
TABLE IL. THE SIMULATION RESULTS OF THE HCPMXIO AND
HCPMXIO-SR
Parameters HCPMXIO HCPMXIO-SR
Slew-Rate Control No Yes
IoL at Vo =0.15V 7.1 mA 6.7 mA
Ion at Vop=1.35V 6.4 mA 6.2 mA
T.isc at RX Mode 453 ps 454 ps
Trn at RX Mode 417 ps 420 ps
T, at RX Mode 715 ps 702 ps
Power Consumption
at TX Mode 28 uW/MHz 29 uW/MHz
Trise at TX Mode 702 ps 958 ps
Trn at TX Mode 708 ps 938 ps
Tpe at TX Mode 815 ps 925 ps
Power Consumption
at TX Mode 59 uW/MHz 66 WW/MHz
REFERENCES

F. Garcia, P. Coll, and D. Auvergne, “Design of a slew rate controlled
output buffer,” in Proc. IEEE Int. ASIC Conf., 1998, pp. 147-150.

M. S. Haydt, R. Owens, and S. Mourad, “Modeling the effect of ground
bounce on noise margin,” in Proc. IEEE Int. Test Conf., Oct. 1994, pp.
279-285.

B. Deutschmann and T. Ostermann, “CMOS output drivers with
reduced ground bounce and electromagnetic emission,” in Proc. of
European Solid-State Circuits Conf., Sept. 2003, pp. 537-540.

S. Dabral and T. Maloney, Basic ESD and 1/O Design, John Wiley &
Sons, 1998.

M.-D. Ker, S.-L. Chen, and C.-S. Tsai, “Overview and design of
mixed-voltage 1/O buffers with low-voltage thin-oxide CMOS
transistors,” IEEE Trans. Circuits and Syst I, Reg. Papers, vol. 53, no.
9, pp. 1934-1945, Sep. 2006.

R. S. Scott, N. A. Dumin, T. W. Hughes, D. J. Dumin, and B. T. Moore,
“Properties of high-voltage stress generated traps in thin silicon oxide,”
IEEE Trans. Electron Devices, vol. 43, no. 7, pp. 1133—1143, Jul. 1996.

B. Kaczer, R. Degraeve, M. Rasras, K. Van de Mieroop, P. J. Roussel,
and G. Groeseneken, “Impact of MOSFET gate oxide breakdown on
digital circuit operation and reliability,” /[EEE Trans. Electron Devices,
vol. 49, no. 3, pp. 500-506, Mar. 2002.

M.-D. Ker and F.-L. Hu, “Design on mixed-voltage I/O buffers with
consideration of hot-carrier reliability,” in Proc.of IEEE Int. Symp. on
VLSI Design, Automation and Test, Apr. 2007, pp. 36-39.




	MAIN MENU
	Front Matter
	Table of Contents
	Author Index
	Keyword Index

	Search CD-ROM
	Print
	View Full Page
	Zoom In
	Zoom Out
	Go To Previous Document
	CD-ROM Help


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
    /CHT ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


