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ESE 568: Mixed Signal Design and 
Modeling 

Lec 2:  September 6th, 2017 
MOS Models: Large/Small Signal 

Penn ESE 568 Fall 2017 – Khanna (Slides adapted from F. 
Najmabadi, UCSD) 

Lecture Outline 

!  MOSFET (Large Signal) 
"  Physical Device  
"  Device Models 
"  2nd order effects 

!  nMOS Exercise 
!  Small Signal Model 

"  Resistive components 
"  Capacitive Components 
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MOSFET 

Device and Models 
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The Operational Basis of a FET 
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The Operational Basis of a FET 
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The Operational Basis of a FET 
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The Operational Basis of a FET 
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MOSFET Physical Structure 
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nMOS IV Characteristics 
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nMOS IV Characteristics 
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nMOS IV Characteristics 
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nMOS IV Characteristics 

12 
Penn ESE 568 Fall 2017 – Khanna (Slides adapted from F. 
Najmabadi, UCSD) 



3 

nMOS IV Characteristics 
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Channel Length Modulation 
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Body Effect 
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The Operational Basis of a FET 
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Not exactly 
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The Operational Basis of a FET 
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Not exactly 

Weak Inversion Strong Inversion 
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Weak Inversion (or Cut-off or Subthreshold) 

!  Transition from insulating to conducting is non-
linear, but not abrupt 

!  Current does flow 
"  But exponentially dependent on VGS 
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Weak Inversion (or Cut-off or Subthreshold) 

If   VGS <Vth,
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!  Current is from the parasitic NPN BJT transistor 
when gate is unbiased and there is no conducting 
channel 
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Subthreshold Slope 

!  Exponent in VGS determines how steep the turnon is 
 
 
"  Units: V/dec 
"  Every S Volts, IDS is scaled by factor of 10 
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2nd Order Effects 

!  Mobility Degradation with Normal Field 
"  Vertical field 
"  Triode and saturation region 

!  Velocity Saturation 
"  Lateral field 
"  Saturation region 

!  Short Channel Effects  
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Mobility Degradation with Normal Field 
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Mobility Degradation with Normal Field 

!  High gate-to-source voltage 

!  θ= mobility modulation factor (empirical) 
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µn (eff ) ≈
µn0

1+θ(VGS −VT )
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Velocity Saturation 
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Velocity Saturation 

!  Once velocity saturates: 

25 

Mobility degradaion due to lateral electric field (VDS/Leff) 
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Velocity Saturation 
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Velocity Saturation 
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Short Channel Effects – VT Reduction 
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Short Channel Effects – VT Reduction 
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Short Channel Effects - DIBL 

30 Penn ESE 568 Fall 2017 - Khanna 

!  Drain Induced Barrier Lowering 
"  VT Reduction with Drain Bias  
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pMOS Device 
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MOS Circuit Symbols 
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MOS IV Characteristic Equations 
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Simplified for hand analysis 

Not exactly, subT current flows 

[1+λ(vDS−VOV)]

[1+λ(vDS−VOV)]
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nMOS Exercise 

!  http://www-g.eng.cam.ac.uk/mmg/teaching/
linearcircuits/mosfet.html 
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Small Signal Models 

Formal Derivation of Small Signal Model 
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Formal Derivation of Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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MOS Small Signal Model 
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Back Gate Small Signal Model 
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Back Gate Small Signal Model 
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id = gm ⋅ vgs +
vds
ro
+ gmb ⋅ vsb

gs = gmb

Weak Inversion Small Signal Model 
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Weak Inversion Small Signal Model 
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pMOS Small Signal Model 
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MOSFET Parasitic Capacitance 

!  Any two conductors separated by an insulator form 
a parallel-plate capacitor 

!  Two types 
"  Extrinsic – Outside the box (e.g. junction, overlap) 
"  Intrinsic – Inside the box (e.g. gate-to-channel) 
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Capacitance Roundup 

!  Cgs=CGSi+CGSO 

!  Cgd=CGDi+CGDO 

!  Cgb=CGBO 

!  Csb=Cdiff 

!  Cdb=Cdiff 

54 

intrinsic 
extrinsic 

Penn ESE 568 Fall 2017 – Khanna 



10 

Extrinsic Capacitance Roundup 

!  Cgs=CGSO 

!  Cgd=CGDO 

!  Csb=Cdiff 

!  Cdb=Cdiff 

55 

extrinsic 
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Extrinsic Capacaitors 
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MOSFET Parasitic Capacitance 

!  Any two conductors separated by an insulator form 
a parallel-plate capacitor 

!  Two types 
"  Extrinsic – Outside the box (e.g. junction, overlap) 
"  Intrinsic – Inside the box (e.g. gate-to-channel) 
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MOSFET Parasitic Capacitance 

!  Any two conductors separated by an insulator form 
a parallel-plate capacitor 

!  Two types 
"  Extrinsic – Outside the box (e.g. junction, overlap) 
"  Intrinsic – Inside the box (e.g. gate-to-channel) 
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junction 

overlap 

Extrinsic   

Overlap Capacitance 
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Overlap 

!  gate/source and gate/drain overlap 
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Overlap 

!  Length of overlap 

61 

LD =
LM − Leff
2

LM 

Leff 

LD 
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Overlap Capacitance 

€ 

C = εrε0
A
d

Co = εox
WLD
tox
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LM 

Leff 

LD 
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Overlap Capacitance 

€ 

C = εrε0
A
d

Co = εox
WLD
tox
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LM 

Leff 

LD 

€ 

COX =
εOX
tOX

Co =CoxWLD
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Overlap Capacitance 

€ 

C = εrε0
A
d

Co = εox
WLD
tox
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LM 

Leff 

LD 

€ 

COX =
εOX
tOX

Co =CoxWLD =CGSO =CGDO
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Use Measured Values 
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Overlap Capacitance 
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Name           Model Parameters                 Units          
LEVEL      Model type (1, 2, or 3) 
                              

CBD        Bulk-drain zero-bias p-n cap (not used)      F 
CBS        Bulk-source zero-bias p-n cap (not used)   F 
CJ         Bulk p-n zero-bias bottom cap/area         F/m**2 
CJSW       Bulk p-n zero-bias perimeter cap/length    F/m 
MJ         Bulk p-n bottom grading coefficient                   
MJSW       Bulk p-n sidewall grading coefficient                 
FC         Empirical bulk p-n forward-bias cap coefficient 
CGSO       Gate-source overlap cap/channel width    F/m        
CGDO       Gate-drain overlap cap/channel width    F/m        
CGBO       Gate-bulk overlap cap/channel width        F/m          
                              
NSUB          Substate doping density              1/cm**3 
NSS           Surface-state density                1/cm**2 
NFS           Fast surface-state density           1/cm**2 
TOX           Oxide thickness                      m                    
TPG           Gate material type:  

   + 1 = opposite of substrate,  
   - 1 = same as substrate,    
     0 = aluminum    

XJ            Metallurgical junction depth         m   

Scales with Width (W) 

Penn ESE 568 Fall 2017 – Khanna 
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Extrinsic   

Junction Capacitance 
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Diode Capacitance 

!  When a reverse voltage is applied to a PN junction, a 
depletion region containing almost no charge carriers is 
generated and acts similarly to the dielectric of a capacitor. 

!  The depletion region increases in width as the reverse voltage 
across it increases.  

!  If we imagine that the diode capacitance can be likened to a 
parallel plate capacitor, then as the plate spacing (i.e. the 
depletion region width) increases, the capacitance should 
decrease.  

!  Increasing the reverse bias voltage across the PN junction 
therefore decreases the diode capacitance. 

!  Worst case is in zero-bias case 
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Junction Capacitance 
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n+ n+ 
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Juntion Capacitance 
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Csb = AsCjs+PsCj-sw 

Juntion Capacitance 
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Cdb = AdCjd+PdCj-sw 

Junction Capacitance 
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Name           Model Parameters                 Units          
LEVEL      Model type (1, 2, or 3) 
                              

CBD        Bulk-drain zero-bias p-n cap (not used)      F 
CBS        Bulk-source zero-bias p-n cap (not used)   F 
CJ         Bulk p-n zero-bias bottom cap/area         F/m**2 
CJSW       Bulk p-n zero-bias perimeter cap/length    F/m 
MJ         Bulk p-n bottom grading coefficient                   
MJSW       Bulk p-n sidewall grading coefficient                 
FC         Empirical bulk p-n forward-bias cap coefficient 
CGSO       Gate-source overlap cap/channel width    F/m        
CGDO       Gate-drain overlap cap/channel width    F/m        
CGBO       Gate-bulk overlap cap/channel width        F/m          
                              
NSUB          Substate doping density              1/cm**3 
NSS           Surface-state density                1/cm**2 
NFS           Fast surface-state density           1/cm**2 
TOX           Oxide thickness                      m                    
TPG           Gate material type:  

   + 1 = opposite of substrate,  
   - 1 = same as substrate,    
     0 = aluminum    

XJ            Metallurgical junction depth         m   

Penn ESE 568 Fall 2017 – Khanna 

Scales with Junction area or width 
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Extrinsic Capacitance Roundup 

!  Cgs=CGSO 

!  Cgd=CGDO 

!  Csb=Cdiff 

!  Cdb=Cdiff 

73 

extrinsic 
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Intrinsic Capacitance Roundup 

!  Cgs=CGSi 
!  Cgd=CGDi 

!  Cgb=CGBO 

74 

intrinsic 
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Intrinsic Capacitances 
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Gate-to-Bulk Capacitance 

!  When talking about gate capacitance, we must 
distinguish several operating regions 
"  Transistor on 

"  Triode and saturation regions 

"  Transistor “off” 
"  Subthreshold operation 
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Gate-to-Bulk Capacitance – Subthreshold  

!  There is no conductive channel 
"  Gate sees a capacitor to substrate, equivalent to the 

series combination of the gate oxide capacitor and the 
depletion capacitance 

"  CGC = WLCox 
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Gate-to-Bulk Capacitance – Triode  

!  Gate terminal and conductive channel form a 
parallel plate capacitor across gate oxide CGC = 
WLCox (lumped into CGS and CGD) 

!  The depletion capacitance CCB adds extra 
capacitance from drain and source to substrate 
"  Usually negligible 
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Capacitance vs VGS (VDS=0) 

CGC 

CGCS=CGCD 
 

CGCB 

WLCOX 

0.5WLCOX 

VGS 

Increasing VGS 79 Penn ESE 568 Fall 2017 – Khanna 

Gate-to-Bulk Capacitance – Saturation 

!  The "bottom plate" of the capacitor does 
not change uniformly 

!  Analysis shows that in this case CGS=2/3WLCox  
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Intrinsic Cgs 
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Cgs=CGSi+CGSO 

Saturation Capacitance 

CGC 

CGCS 

CGCD 

VDS/(VGS-VT) 

(2/3)WLCOX 

WLCOX 

0.5WLCOX 

0 1 
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First Order Capacitance Summary 

Opearation 
Region CGCB CGCS CGCD CGC CG 

Subthreshold 

Linear 

Saturation 
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First Order Capacitance Summary 

Opearation 
Region CGCB CGCS CGCD CGC CG 

Subthreshold 

Linear 0 COXWL/2 COXWL/2 

Saturation 
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CGCS =CGCD =
1
2
CoxWLeffective
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First Order Capacitance Summary 

Opearation 
Region CGCB CGCS CGCD CGC CG 

Subthreshold COXWL 0 0 

Linear 0 COXWL/2 COXWL/2 

Saturation 
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CGC 

CGCS=CGCD 
 

CGCB 

WLCOX 

0.5WLCOX 

VGS 

First Order Capacitance Summary 

Opearation 
Region CGCB CGCS CGCD CGC CG 

Subthreshold COXWL 0 0 

Linear 0 COXWL/2 COXWL/2 

Saturation 0 (2/3)COXWL 0 

Penn ESE 370 Fall 2016 - Khanna 86 

CGC 

CGCS 

CGCD 

VDS/(VGS-VT) 

(2/3)WLCOX 

WLCOX 

0.5WLCOX 

0 1 

First Order Capacitance Summary 

Opearation 
Region CGCB CGCS CGCD CGC CG 

Subthreshold COXWL 0 0 COXWL 

Linear 0 COXWL/2 COXWL/2 COXWL 

Saturation 0 (2/3)COXWL 0 (2/3)COXWL 
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First Order Capacitance Summary 

Opearation 
Region CGCB CGCS CGCD CGC CG 

Subthreshold COXWL 0 0 COXWL COXWL+2CO 

Linear 0 COXWL/2 COXWL/2 COXWL COXWL+2CO 

Saturation 0 (2/3)COXWL 0 (2/3)COXWL (2/3)COXWL 
+2CO 
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Co =
1
2
CoxW L drawn−Leffective( ) =CGSO =CGDO

Small Signal Capacitance Roundup 

!  Textbook pgs 41 and 42 
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Small Signal Capacitance Roundup 

!  Textbook pgs 41 and 42 
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Assumes Saturation 
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Lecture Outline 

!  MOSFET has modes of operation 
"  Subthreshold 
"  Triode 
"  Saturation 

!  Small Signal Model 
"  Enables hand analysis 
"  Resistive components 

"  gm, ro 

"  Capacitive Components 
"  Dependent on modes of operation, but well defined model for 

saturation, which is where we want to design our transistors to be 
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Admin 

!  HW 1 due Friday at midnight in  Canvas 
"  You should be able to do it all now 
"  Sets up the Cadence environment and gets you familiar 

with Cadence basics 
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