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Abstract. This paper discusses the effects of MOSFET threshold voltage varia-
tions on the reliability of nanometer-scale CMOS logic gates. The reliability is 
quantified in terms of the probability-of-failure of individual CMOS gates, 
which is obtained from extensive Monte Carlo simulations of these gates. The 
study considers different nano-scale CMOS technology generations and com-
pares the effect of threshold voltage variations on the reliability at the gate 
level. The results presented here show a clear dependency pattern of reliability 
on the gate’s input combinations (vectors). The results also show that both the 
NAND and Majority logic gates can tolerate up to 40% of threshold voltage 
variations in a 90nm technology, while only up to 20% at the 22nm technology 
node. 
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1   Introduction 

The continuous miniaturization of transistors is facing many challenges, including the 
reliability of these devices. A large number of articles have reported advances in ana-
lytical models of reliability. On the design side, most studies considered reliability at 
the circuit and system levels, with fewer ones delving into the gate and device levels. 
It is clear that studies at the gate level are needed to quantitatively relate probability-
of-failure to actual variations at the device level. In the nanometer regime, process 
variations are expected to have significant effects on the performance of transistors. 
These variations will change key transistor parameters, hence affect its characteristics. 
An essential transistor parameter is its threshold voltage. This study investigates the 
reliability of CMOS gates when the transistors are subject to threshold voltage varia-
tions. The study aims to quantify the effect of threshold voltage variations, on the 
reliability of nanometer-scale CMOS gates in different technologies. The reliability is 
expressed in terms of the probability of failure of individual gates. The latter is  
obtained from extensive Monte Carlo simulations of CMOS gates. The study consid-
ered the CMOS NAND and Majority (MAJ) gates. 

This paper is organized as follows. Section 2 provides a review on related reliabil-
ity studies. The modeling and simulation procedure is described in Section 3. Section 
4 presents the results of this reliability investigation, followed by concluding remarks 
in Section 5. 
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2   Reliability 

As silicon CMOS technology is scaled into the nanometer regime, the reliability  
became one of the major concerns in designing practical nano-systems. The shrinking 
devices and scaled-down voltages make the devices susceptible to fabrication defects 
and transient failures. Progress in research work on the reliability of nanoelectronic 
circuits involves two aspects: reliability analyses and design improvements. Reliabil-
ity analyses refers to techniques for estimating circuit reliability, and/or finding  
accurate error bounds of individual devices/gates for reliable operation of the overall 
circuit. Reliability design improvements, on the other hand, rely on various schemes 
and architectures (based on space, time, or information redundancy) for increasing 
reliability. 

A large number of articles have been published on reliability analyses / improve-
ments. However, most of these articles investigate the reliability at the gate / circuit 
level assuming a fixed value for the probability-of-failure of individual gates and 
devices [ 1]–[ 3]. In [ 1] a new multiplexing-based redundant design scheme was pro-
posed. The new scheme is based on the use of MAJ gates. The article analyzes the 
performance of the multiplexing scheme for very small redundancies, using exact 
combinatorial arguments. In [ 2], the authors present a new noise-tolerant computer 
architecture that can enable the construction of reliable nano-systems comprised of 
noisy gates. The fundamental principles of this technique are parallel processing by 
redundant logic devices/gates/circuits, parallelism in the interconnects between com-
ponents, and parallel restitution of intermittent signals. In [ 3] the reliability of differ-
ent full adders was investigated. The probability-transfer- matrix method was used to 
evaluate the reliability of each full adder for different values of the gate’s probability 
of failure. 

At the gate and device levels, thorough investigations were performed for Single-
Electron Technology (SET) in [ 4]. This study focused on the behavior of two multi-
plexing schemes in combination with gates subject to geometric variations affecting 
their elementary devices (capacitors). The two schemes under investigation were 
MAJ- and NAND-multiplexing. First, the elementary gates were compared in terms 
of their intrinsic probability-of-failure with respect to variations. Secondly, the two 
multiplexing schemes were weighted against the reliability enhancements they were 
able to bring into the system. 

The effect of threshold voltage variations on the reliability has been studied at dif-
ferent levels. In [ 5] the impact of variations on power was thoroughly investigated. 
The article shows the strong effect of threshold voltage variations on power consump-
tion. This is due to the exponential relationship between leakage power and threshold 
voltage. Very recent studies showed the effect of atomic level variations on the 
threshold voltage [ 6]. This article described simulation techniques for studying the 
effect of discrete random dopants on the threshold voltage fluctuations. It should be 
mentioned that the relationship between reliability and process variations was also 
studies at the system level. In [ 7], Greskamp et. al. studied the impact of threshold 
voltage variation on aging-related hard failure rates at the processor level and pre-
sented quantitative analysis of these effects. 
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3   Simulation of CMOS Logic Gates 

The logic gates considered in this study are the well-known NAND-2 gate and the 
MAJ-3 gate. The latter was chosen because it provides an essential function for many 
reliability schemes since it is able to vote on several (redundant) values and produce a 
single output. The NAND-2 was implemented as a static CMOS gate (Fig. 1 (a)), but 
the MAJ-3 gate was not a clear cut case. Two possible implementations are the mir-
rored MAJ-3 [ 8] (Fig. 1 (b)) and the output-wired-inverters MAJ-3 [ 9] (Fig. 1 (c)). In 
[ 10] it was shown that the mirrored MAJ-3 gives a higher yield than the output-wired-
inverters one, when they are operated in the subthreshold region. Since the focus of 
this study is on normal operation (above threshold), both implementations were  
simulated with a 50% range for threshold variations. The results show that the prob-
ability-of-failure depends on the input vectors (Fig. 2). The two implementations are 
comparable when the input vectors are in consensus (000 and 111). However, the 
mirrored MAJ-3 is more reliable for the other six input combinations. On average, the 
mirrored MAJ-3 is more reliable than the output-wired-inverters MAJ-3, therefore 
only the mirrored MAJ-3 was further used in this study. 

The CMOS logic gates under investigation were simulated with TSpice [ 11], using 
the Predictive Technology Models (PTM) for nano-scale transistors [ 12]. Two tech-
nologies were considered: 90nm and 22nm. For each technology, the power supply 
value was chosen according to the recommendations of the International Technology 
Roadmap for Semiconductors [ 13]. The reduction of power supply voltage is driven 
by the need to reduce power dissipation and increase the reliability of gate dielectrics. 

The effect of threshold voltage variations was quantified using an in depth Monte 
Carlo analysis. This generates random variations of the threshold voltage by drawing 
them probabilistically from a Gaussian distribution. For each value thus chosen, all 
analyses requested by the input file are performed, and the results recorded. This type 
of analysis was performed for different ranges of threshold variations. The Monte 
Carlo analysis was performed 100,000 times for each of the two gates and each range 
of variations (5% to 30% in steps of 5%), i.e., 2,000,000 runs. MATLAB modules 
were developed to automatically scan and analyze the collected data and calculate the 
probability of failure. The collected data includes the output of the logic gate. For data 
analysis, the noise margins were set at 25% of VDD. Thus, an acceptable logic 1 is 
defined as at least 75% of the power supply (VDD), and an acceptable logic 0 is  
defined as at most 25% of VDD. The MATLAB module reads the output file and 
checks the output voltages against these acceptable values, and counts all the errors at 
the output of each gate. The number of errors is afterwards used to calculate the  
probability of failure of that particular gate. 

4   Reliability of NAND and MAJ 

The probability of failure of the NAND-2 and the mirrored MAJ-3 gates were  
obtained for different threshold voltage variations, different input combinations, and 
different technologies. The probability of failure of each gate at a particular technol-
ogy was then estimated by averaging the values for all the input combinations. Fig. 3  
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Fig. 1. CMOS gates: (a) static NAND-2; (b) mirrored MAJ-3; (c) output-wired MAJ-3 
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Fig. 2. Reliability of the mirrored MAJ-3 versus the output-wired MAJ-3 
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Fig. 3. Probability-of-failure (averaged over all input vectors) of the NAND-2 and MAJ-3 

shows the results for the NAND-2 and the mirrored MAJ-3 gates at 90nm and 
22nm.These results show that the gates can tolerate threshold voltage variations of up 
to 40% in 90 nm. This value is reduced to only 20% in 22nm technology. The results 
also show that the MAJ-3 is relatively similar to the NAND-2 in the 90nm technol-
ogy. The difference between the two gates widens in 22nm when the threshold  
voltage variations are larger than 30%. Above this limit, the probability-of-failure of 
the MAJ-3 becomes larger than that of the NAND-2. 

In order to get a clear insight on the behavior of these two gates, the probabilities 
of failures for the different input vectors have been investigated (Fig. 4 and Fig. 5). 
Fig. 4 shows the probability of failure of 22 nm NAND-2 for different inputs. The 
worst case is when both inputs are equal to 1. Here, the effect of threshold voltage 
variations on any NMOS may change the output. The best case is when both inputs 
are equal to 0, where the effect of threshold voltage variations on a single PMOS does 
not necessarily affect the output. Fig. 5 shows the results for the 22nm MAJ-3 gate. 
These reveal that the effects of the different input vectorss on the probability of fail-
ure is less significant, as compared to the NAND-2 gate case, especially at small 
variations. When considering the worst-case reliability of these two gates (‘11’ for the 
NAND-2, and ‘110/101/011’ for the MAJ), we see that the MAJ-3 gate has a lower 
probability-of-failure than the NAND-2 for all variations (Figs. 4 and 5). This seems 
to contradict the results obtained with average values. However, this worst-case 
analysis gives more realistic results than the average-values analysis; hence, the MAJ-
3 gate is more reliable than the NAND-2 at 22 nm. 
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Fig. 4. Probability-of-failure of 22nm NAND-2 
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Fig. 5. Probability-of-failure of 22nm MAJ-3 
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These results are interesting because there has been ongoing debate (based mostly 
on theoretical analysis) about the robustness of the NAND and MAJ gates [ 14]. Since 
these two gates are the basic building blocks of the well-known multiplexing scheme 
([ 1], [ 2]), it is important to evaluate the possible improvements in reliability that could 
be achieved with these schemes in the presence of threshold voltage variations. In 
order to evaluate these multiplexing schemes, it is important to also take into account 
the effect of interconnects’ scaling, in addition to that of the gates. At the nanoscale, 
the smaller number of electrons will manifest both their discrete nature (which will 
modify their statistical behavior from the classical Gaussian towards a Poissonian 
one) and their quantum behavior (starting to show their wave-like part). The resulting 
statistical behavior on the wires [ 15] should be combined with the statistical distribu-
tion of the gate’s threshold voltage variations to obtain more accurate estimates of any 
circuit (interconnected-gate scheme). 

5   Conclusion 

This study has investigated the effect of threshold voltage variations on the reliability 
of nanometer-scale CMOS logic gates. The reliability was quantified in terms of the 
probability-of-failure of individual gates, which was obtained from extensive Monte 
Carlo simulations. The study has considered the CMOS NAND-2 and MAJ-3 gates in 
two different technologies: 90nm and 22nm. The results show that these basic logic 
gates can tolerate up to 40% of threshold voltage variations in a 90nm technology, 
while only up to 20% in the 22nm technology node. The results also indicate that the 
two gates are equally reliable at 90nm, but the MAJ-3 seems to become more robust 
than the NAND-2 when moving to the 22nm. It is important to continue this investi-
gation by integrating such results with system-level schemes for enhancing reliability 
(e.g., multiplexing). 

Acknowledgement 

This work was financially supported by the Research Affairs at the UAE University 
under contract no. 09-04-7-11/08. 

References 

1. Roy, S., Beiu, V.: Majority Multiplexing—Economical Redundant Fault Tolerant Designs 
for Nanoarchitecture. IEEE Trans. Nanotechnology 4, 441–451 (2005) 

2. Sadek, A.S., Nikolić, K., Forshaw, M.: Parallel Information and Computation with Restitu-
tion for Noise-tolerant Nanoscale Logic Networks. Nanotechnology 15, 192–210 (2004) 

3. Ibrahim, W., Beiu, V., Sulieman, M.H.: On the Reliability of Majority Gates Full Adders. 
IEEE Trans. Nanotechnology 7, 56–67 (2008) 

4. Sulieman, M.H., Beiu, V.: Multiplexing Schemes in Single-Electron Technology. In: 
ACE/IEEE Intl. Conf. Comp. Sys. & App. (AICCSA 2006), pp. 424–428 (2006) 

5. Horowitz, M., Alon, E., Patil, D., Naffziger, S., Kumar, R., Bernstein, K.: Scaling, Power, 
and the Future of CMOS. In: IEEE Intl. Electr. Dev. Meeting (IEDM 2005), pp. 9–15. 
IEEE Press, New York (2005) 



258 M.H. Sulieman 

6. Kovac, U., Reid, D., Millar, C., Roy, G., Roy, S., Asenov, A.: Statistical Simulation of 
Random Dopant Induced Threshold Voltage Fluctuations for 35nm Channel Length 
MOSFET. Microelectronics Reliability 48, 1572–1575 (2008) 

7. Greskamp, B., Sarangi, S., Torrellas, J.: Threshold Voltage Variation Effects on  
Aging-related Hard Failure Rates. In: IEEE Intl. Symp. Circ. & Syst (ISCAS 2007),  
pp. 1261–1264. IEEE Press, New York (2007) 

8. Weste, N., Harris, D.: CMOS VLSI Design – A Circuit and Systems Perspective. Addison-
Wesley, Reading (2004) 

9. Lerch, J.B.: Threshold Gate Circuits Employing Field-effect Transistors. U.S. Patent 
3,715,603 (February 6, 1973) 

10. Granhaug, K., Aunet, S.: Improving Yield and Defect Tolerance in Multifunction Sub-
threshold CMOS Gates. In: IEEE Intl. Symp. Defect & Fault Tolerance VLSI Syst (DFT 
2006), pp. 20–28. IEEE Press, New York (2006) 

11. Tanner EDA Tools, 
http://www.tanner.com/EDA/product/Tools_Simulation.html  

12. Cao, Y., Sato, T., Orshansky, M., Sylvester, D., Hu, C.: New Paradigm of Predictive 
MOSFET and Interconnected Modeling for Early Circuit Simulations. In: Proc. Custom IC 
Conf (CICC 2000), pp. 201–204. IEEE Press, New York (2000) 

13. International Technology Roadmap for Semiconductors (2007 and 2008 update), 
http://public.itrs.net/  

14. Taylor, E., Han, J., Fortes, J.: An Investigation into the Maximum Tolerable Error Rate of 
Majority Gates for Reliable Computation. In: IEEE Intl. Workshop on Design & Test of 
Defect-Tolerant Nanoscale Archs. – held in conjunction with the IEEE Ann. Intl. Symp. 
Comp. Arch (NanoArch 2006/ISCA2006) (2006), 
http://ertaylor.files.wordpress.com/2007/07/nanoarch2006.pdf 

15. Beiu, V., Ibrahim, W., Makki, R.Z.: On Wires Holding a Handful of Electrons. In: 
NanoNet 2009 (2009) (in press) 


	On the Reliability of Interconnected CMOS Gates Considering MOSFET Threshold-Voltage Variations
	Introduction
	Reliability
	Simulation of CMOS Logic Gates
	Reliability of NAND and MAJ
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




