
EE 330

Lecture 17

MOSFET Modeling



Exam Schedule

Exam 1 Friday  Sept 24

Exam 2 Friday  Oct 22

Exam 3 Friday  Nov 19

Final Tues Dec 14 12:00 p.m.



Prelab Annuncement

A Pre-Lab will be posted on Canvas for Lab 2



As a courtesy to fellow classmates, TAs, and the instructor

Wearing of masks during lectures and in the 

laboratories for this course would be appreciated 

irrespective of vaccination status 

Photo courtesy of the director of the National Institute of Health ( NIH)



n-Channel MOSFET Operation and Model
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Increase VDS even more (beyond VGS-VTH)
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Termed “saturation”region of operation
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Review from Last Lecture



Model Summary
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Note:  This is the third model we have introduced for the MOSFET
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=(Deep triode special case of triode where VDS is small                                            )

This is a piecewise model (not piecewise linear though)

This piecewise model is continuous  at transitions between regions

n-channel MOSFET

Model Parameters: {µ, VT, COX}  Design Parameters : {W, L}

Review from Last Lecture



Graphical Representation of MOS Model
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PMOS and NMOS Models
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• Functional form identical, sign changes and parameter values different

• Will give details about p-channel model later



Example:   Determine the output voltage for the following circuit using 

the square-law model of the MOSFET.  Assume VT=1V and 

μCOX=100μAV-2

Solution:

Since VGS>VT, M1 is operating in either saturation or triode region

10K

W=10u

L=2u

5V

3V

VOUT

M1

ID

Strategy will be to guess region of operation, solve, and then verify region



Example:   Determine the output voltage for the following circuit using 

the square-law model of the MOSFET.  Assume VT=1V and 

μCOX=100μAV-2

Solution:
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Guess M1 in saturation
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Required verification:  VDS>VGS-VT

Can eliminate ID between these 2 equations to obtain VOUT



Example:   Determine the output voltage for the following circuit using 

the square-law model of the MOSFET.  Assume VT=1V and 

μCOX=100μAV-2
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Required verification:  VDS>VGS-VT
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Verification:   VDS=VOUT

-5 >?  2V  - - 0  No!     So verification fails and Guess of region is invalid



Example:   Determine the output voltage for the following circuit using 

the square-law model of the MOSFET.  Assume VT=1V and 

μCOX=100μAV-2
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OUTV  = 0.515V

Verification:   VDS=VOUT

0.515 <?  2V     Yes!           So verification succeeds and triode region is valid
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Solving for VOUT, obtain

OUTV  = 0.515V
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Switch-Level Models Simple square-law  Model
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VOUT

VBIAS

Logic Gate

Voltage Amplifier

Switch-Level Models

Simple square-law  Model
?Voltage Gain

Input/Output Relationship}

Limitations of Existing Models



Model Extensions 
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Projections intersect –VDS axis at same point, termed Early Voltage

Typical values from -20V to -200V

Usually use parameter λ instead of VA in MOS model



Model Extensions 
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Model Extensions 
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Further Model Extensions

Existing model does not depend upon the bulk voltage !

Observe that changing the bulk voltage will change the electric field in the 

channel region ! 

VBS
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VDS
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(VBS small)
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( )TH TH0 BSV =V +γ -V - 

Typical Bulk Effects on Threshold Voltage for n-channel Devices

• Bulk-Diffusion Generally Reverse Biased (VBS<0 or at least VBS<0.3V ) for n-channel

• Shift in threshold voltage with bulk  voltage can be substantial

• Often VBS=0

1/20.4 0.6V V  
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( )TH TH0 BSV =V +γ -V - 

Typical Bulk Effects on Threshold Voltage for n-channel Devices

1/20.4 0.6V V  

V = ?

( )TH TH0 BSV=V -V = γ -V - 

( )V  0.4 0.6 --5V- 0.6 0.64V V  



( )TH TH0 BSV =V -γ +V - 

Typical Bulk Effects on Threshold Voltage for p-channel Devices

• Bulk-Diffusion Generally Reverse Biased (VBS>0 or at least VBS>-0.3V ) for p-channel

• Same functional form as for n-channel but VTH0<0  

• Magnitude of threshold voltage increases with magnitude of reverse bias

1/20.4 0.6V V  

VTH

VBS

+5V



Model Extension Summary
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Model Parameters : {μ,COX,VT0,φ,γ,λ}

Design Parameters : {W,L}   but only one degree of freedom W/L
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Operation Regions by Applications
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Most analog circuits operate in the saturation region

(basic VVR operates in triode and is an exception)

Most digital circuits operate in triode and cutoff regions and switch 

between these two with Boolean inputs



Model Extension (short devices) 
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As the channel length becomes very short, velocity saturation will occur in 

the channel and this will occur with electric fields around 2V/u.   So, if a 

gate length is around 1u, then voltages up to 2V can be applied without 

velocity saturation.   But, if gate length decreases and voltages are kept 

high, velocity saturation will occur
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α is the velocity saturation index,  2 ≥ α ≥ 1



Model Extension (short devices) 
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α is the velocity saturation index,  2 ≥ α ≥ 1

No longer a square-law model (some term it an α-power model)

For long devices, α=2

Channel length modulation (λ) and bulk effects can be added to the velocity

Saturation as well

Degrading of α is not an attractive limitation of the MOSFET

(n-channel device)



Model Extension (BSIM model) 
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Modeled with one value of L, W

Modeled with another value of L, W

Model Errors with Different W/L Values

Binning models can improve model accuracy



BSIM Binning Model 
- multiple BSIM models !

With 32 bins, this model has 3040  model parameters !

- Bin on device sizes



ID

VGS1
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VGS3

TT

FS or FF (Fast n, slow p  or Fast n, fast p )

SS or SF (Slow n, slow p  or Slow n, fast p )

VDS

Model Changes with Process  Variations

(n-ch  characteristics shown)

Corner  models can improve model accuracy



BSIM Corner Models with Binning 

- bin on device sizes

With 32 size bins and 4 corners, this model has 15,200  model parameters !

- Often 4 corners in addition to nominal  TT, FF, FS, SF, and SS



How many models of the MOSFET do we have?

Switch-level model  (2)

Square-law model (with λ and bulk additions)

α-law model (with λ and bulk additions)

BSIM model

Square-law model

BSIM model (with binning extensions)

BSIM model (with binning extensions and process corners)
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Modeled with one model

Local Agreement 

with Any Model

(and W/L variations or 

Process Variations)

(and W/L variations or 

Process Variations)

(and W/L variations or 
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(and W/L variations or 

Process Variations)

The Modeling Challenge
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Difficult to obtain analytical functions that 

accurately fit actual devices over bias, size, and 

process variations



Model Status

Simple dc Model
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Signal 
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Dependent Small 
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Better Analytical  

dc Model

Sophisticated Model 

for Computer 

Simulations 

Simpler dc Model

Square-Law Model

Square-Law Model (with extensions for λ,γ effects)

Short-Channel α-law Model

BSIM Model

Switch-Level Models

    • Ideal switches

    • RSW and CGS
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In the next few slides, the models we have 

developed will be listed and reviewed

• Square-law Model

• Switch-level Models

• Extended Square-law model

• Short-channel model

• BSIM Model

• BSIM Binning Model

• Corner Models



Square-Law Model
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Model Parameters : {μ,COX,VT0}

Design Parameters : {W,L}   but only one degree of freedom W/L



VGS 

RSW

CGS

S

DG 

Switch-Level Models

Switch-level model including gate capacitance and drain resistance

Switch closed for VGS=“1”

CGS and RSW dependent upon device sizes and process

For minimum-sized devices in a 0.5u process
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Rsw

Considerable emphasis will be placed upon device sizing to manage CGS and RSW
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Model Parameters : {CGS,RSW}



Extended Square-Law Model
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Model Parameters : {μ,COX,VT0,φ,γ,λ}

Design Parameters : {W,L}   but only one degree of freedom W/L
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Short-Channel Model
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α is the velocity saturation index,  2 ≥ α ≥ 1

Channel length modulation (λ) and bulk effects can be added to the velocity

Saturation as well



BSIM model 

Note this model has 95 model parameters !



BSIM Binning Model 
- multiple BSIM models !

With 32 bins, this model has 3040  model parameters !

- Bin on device sizes



BSIM Corner Models 

- five different BSIM models !

With 4 corners, this model has 475  model parameters !

- Often 4 corners in addition to nominal  TT, FF, FS, SF, and SS

TT:  typical-typical

FF: fast n, fast p

FS: fast n, slow p

SF:  slow n, fast p

SS: slow n, slow p
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Number of  Model 
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Approx 100

BSIM Binning 
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Approx 3000

(for 30 bins)
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Hierarchical Model Comparisons



TT

Typical-Typical

SS 

(Slow n, Slow p)

SF 

(Slow n, Fast p)

FS 

(Fast n, Slow p)

FF 

(Fast n, Fast p)


Basic Model

Corner Model

Corner Models

Applicable at any level in model hierarchy (same model, different parameters)

Often 4 corners (FF, FS, SF, SS) used but sometimes many more

Designers must provide enough robustness so good yield at all corners



n-channel …. p-channel modeling
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n-channel MOSFET

Positive VDS and VGS cause a positive  ID

(for enhancement devices)



n-channel …. p-channel modeling

D D

S S

G G

D

BG

S

D

BG

S

VDS

VGS

VBS

ID

IG IB

( )

GS Tp

DS

D p OX GS Tp DS GS Tp DS GS Tp

2

p OX GS Tp GS Tp DS GS Tp

G B

0 V V

VW
I -μ C V V V V V V V V

L 2

W
-μ C V V V V V V V

2L

I =I =0





  

= − −   −  
 


−   −



Gate DrainSource 

Bulk

p-channel MOSFET

Negative VDS and VGS cause a negative  ID

(for enhancement devices)

Functional form of models are the same, just sign differences and some 

parameter differences (usually mobility is the most important)
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n-channel …. p-channel modeling
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Gate DrainSource 

Bulk

p-channel MOSFET

(for enhancement devices)

• Actually should use COXp and COXn but they are 

usually almost identical in most processes

• μn ≈ 3μp

• May choose to model –ID which will be non-

negative
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-ID

IG IB

0TpV 



Stay Safe and Stay Healthy !



End of Lecture 17


