
6.012 - Electronic Devices and Circuits 

Lecture 24 - Intrinsic Limits of Transistor Speed - Outline 

• Announcements 

Handouts - Lecture Outline and Summary

Problem Set No. 10 - Don't forget, there is one, and it is due Friday!

Final - Monday, Dec. 15, 9:00 am -noon, duPont Gymnasium


• Review - Dealing with shunting feedback capacitances: C and Cgd 
The Miller effect: any C bridging a gain stage looks bigger at the input 
The Marvelous cascode:	 CE/S-CB/G (E/SF-CB/G work, too - see  A741) 

large bandwidth, large output resistance 
used in gain stages and in current sources 

• Intrinsic high frequency limits for transistors

General approach 

• Limits for BJTs: 
Metrics

Design lessons


• Limits for MOSFETs:

Metric

Design lessons
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Intrinsic HI's for the BJTs - short-circuit current gain
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The common-emitter short-circuit current gain is: 

( ) ≡ 
ic ( )  [gm j C  ]

j
j

= sc ib ( ) {g + j C  + C ]}j [ 
there is one pole, call it p, and one zero, : z 

g gm= , = p z[C + C ] C 

Of these two, p is much smaller and this is the 3dB point of the 

common-emitter short-circuit current gain. We give it the name . 

≡ g 

[C + C ]
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Intrinsic HI's for the BJTs - short-circuit current gain, cont.
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The magnitude of sc is greater than one at frequencies higher 

than . The frequency at which it is one is called .t

sc j( )  = 
gm 
2 + 2C 2[ ] 

g2 + 2 C + C[ ]2{ } 
Setting this equal to one and solving for we find that is:t 

2[g2 + gm ] gm= t 2{[C + C ] C 2 } [C + C ] 
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BJT short-circuit current gain, j ), and
sc( T 

F 

: 

t : t  gm

Zero, z : z = gm/C 

Note: z > t >> (= t / F) 

log 

log | | 

F 

t 

z 

Low frequency value: 

3dB point, = g  /(C +C ) 

Unity gain point, /(C +C ) 

sc 

gm gm qIC kT = = t
 [C + C ] {gm trB  + Ceb ,dp + Ccb,dp } {[qIC
 kT] trB + Ceb ,dp + Ccb,dp } 
In the limit of large IC: 

t (BJT) 1 2DeB 2 eVthermal= = 2 2 
trB wB wB 
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Intrinsic HI's for the MOSFETs - short-circuit current gain
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The common-source short-circuit current gain is: 

( ) ≡ 
id ( ) [gm j Cgd ]

j
j

= sc j [ig ( )  j Cgs + Cgd ] 
there is one pole at = 0, and one zero, call it z: 

gm= 
Cz 
gd 

The magnitude of sc is infinity at DC, and it decreases linearly 

with increasing frequency. 
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Intrinsic HI's for the MOSFETs - short-circuit current gain, 
cont. 
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The magnitude of is one at a frequency which is called : sc t

sc j( )  = 
gm 
2 + 2Cgd 

2[ ] 
2 Cgs + Cgd[ ]2{ } 

Setting this equal to one and solving for we find: 

2gm gm= t 2 2{[Cgs + Cgd ] Cgd } [Cgs + Cgd ] 
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MOSFET short-circuit current gain, j ), and
sc( T 

t : t  gm gs +Cgd) 

Zero, z : z = gm/Cgd 

Note: z > t 

log 

log | | 

t 

z 

Unity gain point, /(C 
sc 

W * 

(MOSFET) gm gm = L eCox [VGS VT ]
= 3 e [VGS VT ] 

t C[Cgs + Cgd ] gs 
2 
WLC* 2 L2 

3 ox 

Clif Fonstad, 12/03 Lecture 24 - Slide 7 



Looking more at T for BJTs and MOSFETs: 

For a MOSFET we have


(MOSFET) 3 e [VGS VT ] 
t L22


[VGS VT ]The average E-field in the channel, Ey, is  Ey LSo we can also write T as 

1(MOSFET) 3 [VGS VT ] 1 sy 
t 2 e L L L trChannel 

This is identical to the form we have for T in a BJT 

t (BJT) 1 2DeB 2 eVthermal= = 2 2 
trB wB wB 

What happens when we have velocity saturation? 

(MOSFET) ssat , t (BJT) ssat 
t L wB 

still decreases with L and wB, but not as quickly! T 
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6.012 - Electronic Devices and Circuits 

Lecture 24 - Intrinsic Limits of Transistor Speed - Summary


• Intrinsic high frequency limits for transistors 
General approach:  short-circuit current gains 

• Limits for BJTs: 
Metrics - CE short-circuit current gain 3B pt:  = g /(C + C  ) 

CE short-circuit current gain unit gain pt: T = gm/(C  + C ) 
T approaches 1/ b as I  increases and b = wB

2/2Dmin,Bc
2so T ≈ 2Dmin,B/wB

2  = 2 eVth/wB 

CB short-circuit current gain unit gain pt: = gm/C

Design lessons - bias at high collector current


minimize wB (win as wB
2)


use npn over pnp >> h)
( e 

• Limits for MOSFETs: 
Metric - CS short-circuit current gain unit pt: T = gm/[(Cgs+Cgd)2 -Cgd

2]1/2 

T is approximately gm/Cgs = 3 e(VGS -VT)/2L2 

* * gm = (W/L) C (VGS -VT) and Cgs = (2/3)WLCoxe ox 
so T ≈ 3 e(VGS -VT)/2L2 

Design lessons - bias at large ID 
minimize L (win as L2) 

Clif Fonstad, 12/03 use n-channel over p-channel ( e >> h) Lecture 24 - Slide 9 



<<
  /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


