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Lecture 13 - Digital Circuits (II) 

MOS Inverter Circuits 

October 25, 2005 

Contents: 

1. NMOS inverter with resistor pull-up (cont.)


2. NMOS inverter with current-source pull-up


3. Complementary MOS (CMOS) Inverter 

Reading assignment: 

Howe and Sodini, Ch. 5, §5.3 
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Key questions


• What are the key design trade-offs of the NMOS in-
verter with resistor pull-up? 

• How can one improve upon these trade-offs?


• What is special about a CMOS inverter? 
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1. NMOS inverter with resistor pull-up (cont.)


V+ 
=VDD VOUT=VDS


VOH=VMAX=VDD


R IR


VOUT

VMID 

VIN CL 
VOL=VMIN 

0 

VOUT=VIN

slope= Av(VM)

0 VT VM VDD VIN=VGS 

VIL VIH 

2 Noise margins: 

VMAX  − VM
NML = VIL  − VOL = VM − − VMIN  |Av(VM )| 

1 VMIN  
NMH = VOH −VIH  = VMAX  −VM (1+ )+|Av(VM )| |Av(VM )| 

Need to compute |Av(VM )|. 



6.012 - Microelectronic Devices and Circuits - Fall 2005 Lecture 13-4 

Small-signal equivalent circuit model at VM (transistor in 
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saturation): 

vout = −gmvin(ro//R) 

Then: 

Av = 
vout 

= −gm(ro//R) � −gmR 
vin 

Then: 

|Av(VM )| = gm(VM )R 

From here, get NML and NMH using above formulae.
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2 Dynamics


• CL pull-down limited by current through transistor 
[will study in detail with CMOS] 

• CL pull-up limited by resistor (tPLH  ∼ RCL) 

• pull-up slowest 

VIN: 
LO HI 

VIN: 
HI LO 

VOUT: 
HI LO 

VOUT: 
LO HI 

VDD 

CL 

R 

VDD 

CL 

R 

pull-down pull-up 



rade-off between eed and noise mar
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2 Inverter design issues: 

noise margins ↑ ⇒ |Av| ↑ ⇒  

• R ↑ ⇒  RCL ↑ ⇒ slow switching 

• gm ↑ ⇒  W ↑ ⇒ big transistor

(slow switching at input)


T sp gin.Trade-off between speed and noise margin.

During pull-up, need: 

• high current for fast switching, 

• but also high resistance for high noise margin.


⇒ use current source as pull-up.
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2. NMOS inverter with current-source pull-up


I-V characteristics of current source: 

iSUP 

+ 

1 
rISUP ociSUPvSUP 

_ 

0 
0 vSUP 

Equivalent circuit models: 

iSUP 

ISUPvSUP 

+ 

_ 

rr ococ 

large-signal model small-signal model 

• high current throughout voltage range: iSU P � ISU P 

• high small-signal resistance, roc. 



noise
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NMOS inverter with current-source pull-up: 

load lineVDD 
iSUP=ID 

VGS=VDD 

iSUP 
ISUP 

VGS=VIN 

VIN 

VOUT 

CL 
VGS=VT 

0 
0 VDD VDS 

Transfer characteristics: 

VOUT


VDD


0 
0 VT VDD VIN 

High roc ⇒ high marginHigh roc ⇒ high noise margin
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Dynamics: 

VDD VDD 

iSUP iSUP 

VOUT: VOUT: 
HI LO LO HI 

VIN: 
CL 

VIN: 
CLLO HI HI LO 

pull-down pull-up


Faster pull-up because capacitor charged at constant cur-
rent. 
Faster pull-up because capacitor charged at constant cur-Fas 
rent.
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2 PMOS as current-source pull-up 

I-V characteristics of PMOS: 

S 

G 

IDp 

D 

-IDp 

0 

VSGp 

VSGp=-VTp 

-IDp 

0 

saturation 

0 VSDp 
0 -VTp VSGp 

Note: enhancement-mode PMOS has VTp  < 0. 

In saturation: 

−IDp ∝ (VSG + VTp)
2 
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Circuit and load-line diagram of inverter with PMOS cur-
rent source pull-up: 

VIN 

VB 

VOUT 

VDD 

CL 

VOUT 

VDD 

VIN 

0 
0 

-IDp=IDn 

VDD 

PMOS load line for VSG=VDD-VB 

VOUT 

0 

VDD 

NMOS cutoff 
PMOS triode 

NMOS saturation 
PMOS triode 

NMOS saturation 
PMOS saturation 

NMOS triode 
PMOS saturation 

Transfer function: 

0 VTn VDD VIN 
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Noise margin: 

• compute VM = VIN  = VOU T 

• compute |Av(VM )| 

At VM 

Cox(VM − VTn)2 

both transistors saturated: 

Wn
IDn = µn

2Ln 

Wp−IDp = µpCox(VDD − VB + VTp)
2 

2Lp 

And: 

IDn = −IDp 

Then: 

� Wpµp LpVM = VTn  + � Wn 
(VDD − VB + VTp) 

µn Ln 
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Small-signal equivalent circuit model at VM : 
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Av = −gmn(ron//rop) 
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Screen shots of NMOS inverter transfer characteristics: 

2 NMOS inverter with resistor pull-up 

2 NMOS inverter with current source pull-up
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NMOS inverter with current-source pull-up allows fast 
switching with high noise margins. 

But... when VIN  = VDD, there is a direct current path 
between supply and ground 

⇒ power consumption even if inverter is idling.


VIN:HI 

VB 

VOUT:LO 

VDD 

CL 

VOUT 

VDD 

VIN 

0 
0 

-IDp=IDn 

VDD 

PMOS load line for VSG=VDD-VB 

Would like to have current source that is itself switchable, 
i.e., it shuts off when input is high ⇒ CMOS! 
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3. Complementary MOS (CMOS) Inverter


Circuit schematic: 
VDD 

VIN VOUT 

CL 

Basic operation: 

•VIN  = 0  ⇒ VOUT = VDD 

VGSn = 0  < VTn  ⇒ NMOS OFFNMOS OFF

VSGp = VDD > −VTp  ⇒ PMOS ON 

•VIN  = VDD ⇒ VOUT = 0  

VGSn = VDD > VTn  ⇒ NMOS ON 

VSGp = 0  < −VTp  ⇒ PMOS OFFPMOS OFF

No p consumption idling y logic state.No power consumption while idling in any logic state.
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Output characteristics of both transistors:


IDn 

0 
VSDp 

-IDp 

VSGp 

VSGp=-VTp 

0 
0VDSn 

VGSn 

VGSn=VTn 

0 

Note: 

VIN  = VGSn = VDD − VSGp ⇒ VSGp = VDD − VIN  

VOUT = VDSn = VDD − VSDp ⇒ VSDp = VDD − VOUT 

IDn = −IDp 

Combine into single diagram of ID vs. VOUT with VIN  as 
parameter. 
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VDD 
ID 

CL 

VIN VOUT VDD-VIN VIN 

0 
VOUT

0 

� no current while idling in any logic state. 

Transfer function: 

NMOS cutoff 
PMOS triode 

VOUT 

VIN 
0 

0 VDD
VTn VDD+VTp 

VDD 

NMOS saturation 
PMOS triode 

NMOS saturation 
PMOS saturation 

NMOS triode 
PMOS saturation 

NMOS triode 
PMOS cutoff 

� ”r gic: gic 0 and VDD 

� high |Av| ar gic ⇒ go margins 

”rail-to-rail” logic: logic levels are 0 and VDD

highh | Av| around logic thresholdd ⇒ good noise margins
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Transfer characteristics of CMOS inverter in WebLab:
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Key conclusions


• In NMOS inverter with resistor pull-up: trade-off be-
tween noise margin and speed. 

• Trade-off resolved using current-source pull-up: use 
PMOS as current source. 

• In NMOS inverter with current-source pull-up: if VIN  = 
HI , power consumption even if inverter is idling. 

• Complementary MOS: NMOS and PMOS switch al-
ternatively ⇒ 

– no power consumption while idling 

– ”rail-to-rail” logic: logic levels are 0 and VDD 

– high |Av| around logic threshold ⇒ good noise 
margins 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


