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Fig. Input and output voltage waveforms of a typical
inverter, and the definitions of propagation delay
times.

* The propagation delay times 7, and tp , are found from Figure as

Tph = -t and 7py = t3- 1
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Switching Characteristics of CMOS Inverter

« The propagation delay times 7, and tp,  determine the input-to-output signal
delay during the high-to-low and low-to-high transitions of the output,
respectively.

« By definition, 7y, is the time delay between the V., -transition of the rising
iInput voltage and the V., -transition of the falling output voltage.

« Similarly, 7, is defined as the time delay between the V., -transition of the
falling input voltage and the V., -transition of the rising output voltage.
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Calculation of Delay Times

» The propagation delay times can be found more accurately by solving the state
equation of the output node in the time domain. The differential equation
associated with the output node is given below. Note that the capacitance

current is also a function of the output voltage. Vi,
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Fig. Input and output voltage waveforms during
high-to-low transition.
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Calculation of Delay Times

» First, consider the NMOS transistor operating in saturation.

i k 2
Ipn= “;(Vm - VT,n)
k, 2 <
=7(VOH _VT,n)‘ , for  Vou =Vrn <Vou <Vou
« the solution equation in the time interval between t, and t,", can be found as
t=4' | Vour=Yor =V ,n 1 2C Vour =Vor =Vr,n
? .[ dt=— Cload i AV = Ioad. 3 J‘ dv,,
t=tg Vour=VYou D""’ kn (VOH - VT,n) Vour=Vou

« Evaluating this simple integral yields
2cimd VT,n

k (Vo - Vr,n)z
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Calculation of Delay Times

- Att=t,, the output voltage will be equal to (V, — V+,) and the transistor will
be at the saturation-linear region boundary.

* Next, consider the NMOS transistor operating in the linear region:

- _[2( VT n Vautz]

-k, |

- ) [Z(VGH _VT n _Vaur ] fﬂl’ out SVOH - VT,n

« The solution of equation in the time interval between t;' and t, can be found as
t=n Vour = Vs0% 1
_[ dt =—Clogq I [ i ] AVt
t=1’ Vour=Yor=Vgn > 0"
Vour = V509 1
==2 Ciﬂﬂd J‘ [ dv,
_ 9 out
Vout =Vor ~Vron Ky [2 (VOH - VT,n ) Vour = Vou ]
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Calculation of Delay Times

t—1 r_. Cload 1 Z(VOH_VT,H)_VSD%
17 hH = n
kr: (VOH ‘VT.n) Vsow

« Finally, the propagation delay time for high-to-low output transition (T, ) can
be found by combining both timing equations:

C.!Oad 2VT,H +In 4(V0H _VT.n)_l
ky (VOH - Vr.n) Vor = Vr.n Vor +Vor

TpHL =

* For Vo = Vpp and V= 0, as 1s the case for the CMOS inverter, becomes:

Cioad 2Vin 1o 4(VDD_VT,H)_1
ko (Voo = Vr) | Voo = Vi

TpHL =
' VDD
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Calculation of Delay Times (Continued..)

* Ina CMOS inverter, the charge-up event of the output load capacitance for
falling input transition is completely analogous to the charge-down event for

rising input.

* When the input voltage switches from high (V) to low (Vy,), the NMOS
transistor is cut off, and the load capacitance is being charged up through
the PMOS transistor.

* Following a very similar derivation procedure, the propagation delay time
Toru Can be found as: )

2|vz.,| 2(V0H —VOL—‘VT’pl) )

Cfoad | * 1In

1
kp (VaH ~Vou _‘VT,pD Vor = Vor _‘VTrP

TpLH =
Vor = Vsow

* For Vg, = Vpp and Vg = 0, equation becomes

Tpin =
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Calculation of Delay Times (Continued..)

14
L V=33V
£ = 1‘ Examal load 1 < In the following figure, the falling-
g " Li e taERE output propagation delay 7 py,
-{E’ s ' A= (WgWy) =275 1 (obtained from SPICE simulation)
E aalll§ bn=bp=08um ' is plotted as a function of the

il | NI NMOS channel width.
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+ In fact, the increase in silicon area il

can be viewed as a design trade-off s

for delay reduction, since the circuit g uill|

speed improvements are typically F 30}

obtained at the expense of increased 2 2|

transistor dimensions. ]
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