
 
CMOS inverter 
 
 
 
 

 

 

 

 

 

 

 

 

VGSn = Vin    IDn = ID 

VGSp = Vin – VDD     IDp = ID 

VDSn = Vout 

VDSp = Vout – VDD 

 IDSp = -IDSn 
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CMOS inverter / Static Behavior 

 Switching threshold  VM à 

 Both PMOS and NMOS are in velocity saturation 

  IDN+IDP = 0  à ignoring channel length modulation 
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For long channel devices  à NMOS and PMOS transistors in saturation 

            à VM – VT < VDsat 

 ( I ) à 0)()( 22 =+−+− DDTPMpnTMn VVVKVVK  

  
r

VVrV
V TpDDTn

M +

++
=

1

)(
,  

n

p

K

K
r

−
=  

 

For 0.25u CMOS 

 ( I ) à 5.3
2/

2/
'
'

/
/

=
++−

−−
⋅⋅=

DsatpTpMDD

DsatnTnM

Dsatp

Dsat

P

N

NN

PP

VVVV
VVV

V
nV

K
K

LW
LW

 

  

 

 

 

 

 

 

VM 

2.5V 

1.25V 

1                  3.4                            10 WP/WN 



Sometimes you don’t want symmetry noise on the Gnd plane 

 

 

 

 

 

 

 

 

 

 

So you adjust (W/L)P/(W/L)N ratio to get nonsymmetric VM. But as can be seen from 

figure VM does not change a lot with the ratio. 

 

Noise Margin 

 Other than threshold voltage, we are interested in knowing the noise margins. 
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To find the gain, we need to take into account the channel length modulation otherwise 
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àGain is determined by technology parameters especially channel length modulation. 

 

0.25u CMOS  

 WP/WN ratio = 3.4 
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Simulation à NMH = 1.05, NML = 1.03 

           much lower because * the equation for gain overestimate the gain  

*linear approximation 

 

 

 

 

 

 

 

 

 

 

Good PMOS, bad NMOS 

Good NMOS, bad PMOS 

Not very sensitive to device variation 
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Scaling with Supply voltage 

 Devices work even in subthreshold à Inverter function 

 

 

 

 

 

 

 

 

 

 

 

 VDD↓   à  Power ↓  but gate delay ↑ 

à DC characteristic becomes sensitive to device parameter 

à More sensitive to external noise 

  

 VDDmin  ~ 2 – 4 kT/q  ~ 0.05 – 0.1 Volts 
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CMOS Inverter – Dynamic Behavior 

 CL à make it as small as possible 

 
                                         
                              Has some parasitic capacitance à self-loading effect 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                             Self-loading             wire loading               next gate loading 
 
 
Gate-drain capacitance 
 
 
 
 
 
 
 
 
 Cgd à gate drain overlap capacitance 
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Drain-Body capacitance ( Diffusion capacitance ) 

  Ceq = KeqCj0 
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             Keq  for 0.25 µ CMOS          

  H  à L   (NMOS)   Keq = 0.57             H  à L   (PMOS)   Keq = 0.79 

                                                         Keqsw = 0.61                                         Keqsw = 0.86 

                        L  à H   (NMOS)   Keq = 0.79             H  à L   (PMOS)   Keq = 0.59 

                                                         Keqsw = 0.81                                         Keqsw = 0.79 

 

Wire Capacitance 

  can be calculated from the size of interconnects.  Tables 4.2 , 4.3 

 

Gate Capacitance 

 from fan-out transistors,  Cfan-out =  Cg3, Cg4 

 Cfan-out = Cgate(NMOS) + Cgate(PMOS) 

                           = )CLWC  C ()CLWC  C( oxppGD0pGS0poxnnGD0nGS0n 4342144 344 214342144 344 21
channeloverlapchanneloverlap

+++++  

 no miller effect since fan-out gate has not become active ( due to delay ) 

 constant channel capacitance 

 

 

 

 

 

                                                                                  à  Pessimistic approximation 
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0.25µ CMOS Cap 

 Minimum size of gate : WPMOS = 3WNMOS 

 

  

Propagation Delay 

 tp à  tPHL =0.69 ReqnCLH→L,   tPLH =0.69 ReqnCLL→H 
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                                                         à Cgd feeds forwards the input signal to the output 

Capacitor Expression HàL (fF) LàH (fF)  
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    Cself-load 

   Cint = 2.8fF 
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Effect of VDD on tp 

 λ = 0 à No channel length modulation  
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Design Technique to Reduce Delay Time  

 * CL ↓     make drain pad of PMOS small à Cdb2 dominant 

  

 

 

 

 

 

 

            

            * W/L ↑   tp ∝ Re ∝ 1/(W/L)  à trade off with CL  

 * VDD ↑   due to channel length modulation  
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Propagation Delay 

 PMOS  to NMOS device size ratio 3 ~ 3.5 symmetric operation 

  à not necessarily fast response 

 Case ( I ) 

  How to find optimum Wp/Wn  ratio for fastest response 
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0.25 µ CMOS 
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Case ( II ) : assume fixed Wp/Wn ratio 
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  Scaling effect on delay time 
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àminimum delay or intrinsic delay or unloaded delay does not change with sizing. 
à S↑ à tp à tp0 
          If driver transistors are scaled up, the effect of load (fan-out+Cw) transistor will be 
masked. 
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Case II : Chain of Inverters 
 

 
 
 
 f = fan-out = Cext/Cg    Cext : external load capacitance of gate 

                                      Cg  : input capacitance of gate 
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                                                                          Cgi  à geometric mean 

 

à optimum performance is achieved when the scaling of each stage is geometric mean of 

the stage before and after. 
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    f : fan-out of each stage,  F : overall effective fan-out 
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                                          tp=1001tp0,  N=1 à tp=1001tp0 

 

 

 

Effect of Rise/Fall time on inverter delay 
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        η = 0.25  empirical constant 
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